


TABLE OF CONTENTS 

Page 

EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ES- 1 

1.0 

2.0 

3.0 

4.0 

INTRODUCTION.. ..................................................... .l- 1 
1.1 Modeling Objectives .......................................... ., .... l-2 
1.2 Report Organization ........................................... ,, .... l-3 
1.3 Location and Setting ........................................... ,, .... l-3 
1.4 History .......................................................... l-3 
1.5 Topography ...................................................... l-4 
1.6 Surface Water Hydrology ....................................... ,, .... l-4 

PREVIOUS INVESTIGATIONS AND COMPUTER SIMULATIONS ............. .2- 1 

HYDROGEOLOGY OF THE CAMP LEJEUNE AREA ........................ .3-l 
3.1 Physiography ................................................... ..3- 1 
3.2 Geologic and Hydrogeologic Framework ............................... .3- 1 
3.3 Conceptual Model of Groundwater Flow. ............................... .3-3 
3.4 Hydraulic Characteristics ........................................... .3-5 

3.4.1 Surlicial Unit .............................................. .3-5 
3.4.2 Castle Hayne Confining Unit .................................. 3-5 
3.4.3 Castle Hayue Aquifer ....................................... .3-5 

BRAGS GROUNDWATER FLOW MODEL ................................. .4- 1 
4.1 Finite-Difference Layered Grid ...................................... .4-2 
4.2 Model Boundary Conditions ........................................ .4-3 

4.2.1 Specified (Constant) Head Cells ............................... .4-3 
4.2.2 General Head Boundary Cells ................................ .4-4 
4.2.3 Well Cells ................................................ .4-4 
4.2.4 River Cells ............................................... .4-5 
4.2.5 Drain Cells ............................................... .4-6 

4.3 Steady-State Modeling Process ....................................... 4-6 
4.3.1 Calibration Targets ......................................... -4-7 
4.3.2 Calibration Methods ........................................ -4-7 
4.3.3 Statistical Evaluation of Calibration ............................ 4-8 

4.4 Calibrated Results of Simulation ..................................... .4-8 
4.4.1 Layer 1 -- Surticial Unit .................................... .4-10 

4.4.1.1 Input ........................................... ..4-10 
4.4.1.2 Output ........................................... .4-12 

4.4.2 Layer 2 - Castle Hayne Confining Unit ........................ .4-12 
4.4.3 Layer 3 - Upper Castle Hayne Aquifer. ........................ .4-13 

4.4.3.1 Input ........................................... ..4-13 
4.4.3.2 Output ........................................... .4-13 

4.4.4 Layer 4 - Castle Hayne Fractured Limestone Unit ................ .4- 14 
4.4.5 Layer 5 -- Lower Castle Hayne Aquifer ........................ .4-15 

4.4.5.1 Input .......................................... .-.4-l 5 
4.4.5.2 Output ........................................... .4-15 



Page 

4.5 

4.6 

4.4.6 Three-Dimensional Analysis of Groundwater Flow ............... .4- 15 
Sensitivity Analysis .............................................. .4- 17 
45.1 EffectsofAlteringRecharge ................................ .4-17 
4.5.2 Effects of Altering Horizontal Hydraulic Conductivity ............ .4- 17 
4.5.3 EffectsofAlteringLeakance ................................ .4-17 
4.5.4 Effects of Altering GHB Cell Conductance ..................... .4-17 
4.5.5 Effects of Altering River Cell Conductance ..................... .4-18 
4.5.6 Effects of Altering Drain Cell Conductance. .................... .4-18 
4.5.7 Recommended Changes to the Model ......................... .4-18 
BRAGS Groundwater Flow Model Summary .......................... .4-19 

5.0 SITE 82 GROUNDWATER FLOW MODEL . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . .5- 1 
5.1 
5.2 

,J--- 5.3 

5.4 

5.5 

5.6 

Finite-Difference Layered Grid ...................................... .5-l 
ModelBoundaryConditions ....................................... ..5- 2 
5.2.1 General Head Boundary Cells ................................. 5-2 
5.2.2 WellCells ................................................. 5-2 
5.2.3 River Cells ............................................... .5-3 
5.2.4 Dram Cells ................................................ .5-3 
Steady-State Modeling Process .................................. ,, ... .5-3 
5.3.1 Pre-Pumping Calibration Targets .......................... ., .... 5-4 
5.3.2 Calibration Methods .................................... ,, ... .5-4 
5.3.3 Statistical Evaluation of Calibration ............................ 5-4 
Calibrated Results of Pre-Pumping Simulation .......................... .5-4 
5.4.1 Layer 1 --SurficialUnit ..................................... .5-5 

5.4.1.1 Pre-Pumping Input .................................. .5-5 
5.4.1.2 Pre-Pumping Output ................................. .5-7 

5.4.2 Layer 2 - Castle Hayne Aquifer ................................ 5-8 
5.4.2.1 Pre-Pumping Input ................................... 5-8 
5.4.2.2 Pre-Pumping Output ................................. .5-S 

Results of Remediation Scenario Simulation ............................ .5-9 
5.5.1 Layer 1 --SurficialUnit .................................... .5-10 

5.5.1.1 Remediation Scenario Input .......................... .5-10 
5.5.1.2 Remediation Scenario Output ......................... .5-10 

5.5.2 Layer 2 - Castle Hayne Aquifer ............................... 5-10 
5.5.2.1 Remediation Scenario Input .......................... .5-10 
5.5.2.2 Remediation Scenario Output ......................... .5-l 1 

Site 82 Groundwater Flow Model Summary ........................... ,5-l 1 

6.0 CONCLUSIONS AND RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ,6- 1 

7.0 REFERENCES . . . . . . . 1. . . . . . . . 1. . . . . . . . . . . . . . . . . _ . . , . . . . . . . 1 . . . . . . . . . . . . 7- 1 

>-t 

April 20,199s version 



, -, LIST OF FIGURES 

,- 

l-l Operable Units and IRP Site Location Plan 
l-2 UST Site Location Plan 

3-1 Isopach Contour Map -- Castle Hayne Confining Unit 
3-2 Elevation Contour Map -- Top of Castle Hayne 
3-3 Typical Annual Water Budget 
3-4 Idealized Hydrogeologic Cross-Section of New River 
3-5 Idealized Hydrogeologic Profile of New River 

4-l 
4-2 
4-3 
4-4 
4-5 
4-6 
4-7 
4-8 
4-9 
4-10 
4-11 
4-12 
4-13 
4-14 
4-15 
4-16 
4-17 
4-18 
4-19 
4-20 
4-2 1 
4-22 
4-23 
4-24 
4-25 
4-26 

4-27 
4-28 
4-29 
4-30 
4-3 1 
4-32 
4-33 
4-34 
4-35 
4-36 

Finite Difference Grid Location Map -- BRAGS Model 
Schematic of 3-D Five-Layer BRAGS Model 
Computed versus Observed Values in Layer 1 
Error versus Observed Values in Layer 1 
Computed versus Observed Values in Layer 3 
Error versus Observed Values in Layer 3 
Computed versus Observed Values in Layer 5 
Error versus Observed Values in Layer 5 
Spatial Distribution of Error - Layer l- Northern Areas 
Spatial Distribution of Error - Layer l- Southern Areas 
Spatial Distribution of Error - Layer 3- Northern Areas 
Spatial Distribution of Error - Layer 3- Southern Areas 
Spatial Distribution of Error - Layer 5- Camp Geiger and Montford Point Areas 
Spatial Distribution of Error - Layer 5- Tarawa Terrace and Paradise Point Areas 
Spatial Distribution of Error - Layer 5- Hadnot Point Area 
Spatial Distribution of Error - Layer 5- Southern Areas 
Elevation of Bottom of Layer 1 
MODFLOW Cells in Layer 1 
Simulated Water Table Elevation Contours in Layer 1 
Values of Leakance (ft/day/ft) in Layer 2 
Elevation of Bottom of Layer 3 
Simulated Groundwater Elevation Contours in Layer 3 
Water Supply Well MODFLOW.Cells in Layer 4 
Elevation of Bottom of Layer 5 
Simulated Groundwater Elevation Contours in Layer 5 
Map View of 3-D Flow Vectors in Layer 4 Showing Effects of Pumping Water Supply Wells 
in the Northern Areas 
West-to-East Cross-Section of Simulated Groundwater Flow Vectors (Row 47) 
Effects of Recharge 
Effects of Horizontal Hydraulic Conductivity 
Effects of Leakance 
Effects of GHB Conductance 
Effects of River Conductance 
Effects of Drain Conductance 
Comparison of Mean Error (ME) Values 
Comparison of Root Mean Square Error (RMSE) Values 
Comparison of Mean Absolute Error (MAE) Values 

April 20, I!)98 version 



5-l 
5-2 
5-3 
5-4 
5-5 
5-6 
5-7 
5-8 
5-9 
5-10 
5-11 
5-12 
5-13 
5-14 

Finite Difference Grid Location Map 
Finite Difference Grid 
Bottom Elevation of Layer 1 (Surficial Unit) 
General Head Boundary, River, and Drain Cells in Layer 1 
Leakance Factor in Layer 1 
Simulated Water Table Surface Contours (Pre-Remediation) in Layer 1 
Bottom Elevation of Layer 2 (Castle Hayne Aquifer) 
Water Supply Well Cells in Layer 2 (Castle Hayne Aquifer) 
Simulated Castle Hayne Groundwater Contours (Pre-Remediation) in Layer 2 
Volatile Organic Compounds in Shallow Grouudwater 
Volatile Organic Compounds in Deep Groundwater 
Well Log for Supply Well HP-65 1 

5-15 
5-16 
5-17 

Shallow Extraction Wells in the Surficial Unit (Layer 1) 
Simulated Water Table Contours During Remediation Showing Capture Zones in the Surficial 
Unit (Layer 1) 
Capture Zone Pathline Map - Simulated Remediation Water Table Surface 
Deep Extraction Wells in the Castle Hayne Aquifer (Layer 2) 
Simulated Castle Hayne Groundwater Contours During Remediation Showing Capture Zones 
(Layer 2) 

5-18 Capture Zone Pathline Map - Simulated Remediation Castle Hayne Piezometric Surface 

l-l Land Utilization Within Developed Areas of MCB, Camp Lejeune 

3-l Hydraulic Conductivity Data from Sites 6,82, and 73 - Surticial Unit 
3-2 Hydraulic Conductivity Data from the Castle Hayne Aquifer 

4-l Pumping Rates of Water Supply Wells at MCB, Camp Lejeune 
4-2 Statistical Summary of BRAGS Simulation 
4-3 Hydrologic Budget Summary for BRAGS Simulation 

5-l Statistical Summary of Site 82 Groundwater Flow Model 

A Site 82 Pumping Test Data Evaluation 
B BRAGS Model Input and Output Files (CD-ROM) 
C Site 82 Model Input and Output Files (CD-ROM) 

LIST OF FIGURES 
(Continued) 

LIST OF TABLES 

LIST OF APPENDICES 

iv April 20,1WS version 



LIST OF ACRONYMS ANIiABBREVIATIONS 

AFCEE 
ARM 

b 
BC 
BRAGS 

&RI 
G” 
CA 
CCLS 
CCP 
CERCLA 

cfd 
cis- 1,2-DCE 
cndsec 
CMS 
CT0 

DCE 
DNAPLs 
DON 

ESE 

FF A 
ft’fday 
ft/day-s 
ft/daylft 
FS 

G3CTM 

am 
GWQ 

HFB 
HPIA 

IP 
IR 

K 
&i 
K, 

Air Force Center for Environmental Excellence 
Absolute Residual Mean (see MAE) 

Aquitard Thickness 
Boundary Conditions (MODFLOW) 
Basewide Remediation Assessment Groundwater Study 

Drain Cell Conductance (MODFLOW) 
River Cell Conductance (MODFLOW) 
Corrective Action 
Ceiling Concentration Limits 
Central Coastal Plain 
Comprehensive Environmental Response, Compensation, and Liability Act 
(Superfund) 
Cubic Feet per Day 
cis- 1,2-dichloroethene 
Centimeters per Second 
Corrective Measure Study 
Contract Task Order 

cis and trans- 1,Zdichloroethene 
Dense Non-Aqueous Phase Liquids 
Department of the Navy 

Environmental Science and Engineering, Inc. 

Federal Facilities Agreement 
Square Feet/Day (unit of transmissivity) 
Feet/Day (unit of velocity or hydraulic conductivity) 
Feet/Day/Feet (unit of leakance) 
Feasibility Study 

G-3 Contaminant Transport Model (for groundwater discharge to ,surface 
water -- NC DENR) 
Gallons per Minute 
Groundwater Quality 

Horizontal Flow Barrier (MODFLOW) 
Hadnot Point Industrial Area 

Implementation Plan 
Installation Restoration 

Hydraulic Conductivity (ftiday) 
Hydraulic Conductivity Tensor in the i direction (MODFLOW) 
Vertical Hydraulic Conductivity @t/day) 

V April 20,1!?98 version 



L 

m Thickness of River or Stream Sediments (MODFLOW) 
ME Mean Error 
MAE Mean Absolute Error 
MCB Marine Corps Base 
mi2 Square Mile 
MSL Mean Sea Level 

FTC 
NC DENR 
NPL 

ou 

PCE 
wb 

RASA 
RCRA 
RF 
RI 
R.I/FS 

RMS 
RMSE 
RSD 

SDE 
SMP 

TCE 
trans- 1,2-DCE 

USEPA 
USGS 
UST 

vc 
voc 

W 
WAR 

X 

Length of Cell (MODFLOW) 

Sample Size 
North Carolina 
North Carolina Department of Environment and Natural Resources 
National Priorities List 

Operable Unit 

Tetrachloroethene (perchloroethylene) 
Parts per Billion 

Regional Aquifer System Analysis 
Fesource Conservation and Recovery Act 
Retardation Factors 
Remedial Investigation 
Remedial Investigation/Feasibility Study 
Residual Mean (see ME) 
Root Mean Square (see RMSE) 
Root Mean Square Error 
Residual Standard Deviation (see SDE) 

Standard Deviation of the Errors 
Site Management Plan 

Trichloroethene 
Trans- 1,2-dichloroethene 

United States Environmental Protection Agency 
United States Geological Survey 
Underground Storage Tank 

Vinyl Chloride 
Volatile Organic Compound 

Width of Cell (MODFLOW) 
Water and Air Research, Inc. 

X Axis of Cartesian Coordinates associated with Hydraulic Conductivity 
(MODFLOW) 

vi April 20, I!)98 version 



Y 

z 

OF 

Y Axis of Cartesian Coordinates associated with Hydraulic Conductivity 
(MODFLOW) 

2 Axis of Cartesian Coordinates associated with Hydraulic Conductivity 
(MODFLOW) 

Degrees Fahrenheit 

vii April 20,lWS version 



EXECUTIVE SUMMARY 

/n 

Marine Corps Base (MCB), Camp Lejeune, bisected by the tidal estuary New River, borders the Atlantic 

Ocean and encompasses approximately 236 square miles of the Atlantic Coastal Plain of North Carolina. 

Ongoing management of water supply withdrawals and evaluations of potential impacts to groundwater 

due to remediation are required. Although regional geologic and hydrogeologic studies have been 

conducted by the United States Geological Survey (USGS) at MCB, Camp Lejeune (Harned, et al, 1989 

and Cardinell, et al, 1993), the resulting effects of these remedial groundwater pump and ‘treatment 

systems on the underlying aquifers have not been evaluated. Existing USGS Regional Aquifer System 

Analysis (RASA) and North Carolina Department of Environment, and Natural Resources (NC DENR) 

groundwater flow models were evaluated; however, over-large scales and lack of detail in the impacted 

surficial units precluded their use at MCB, Camp Lejeune. 

The Fiscal Year 1998 Site Management Plan (SMP) for MCB, Camp Lejeune, the primary document 

referenced in the FFA, identifies 42 sites that require Remedial Investigation/Feasibility Stucly (RI/FS) 

activities. In addition to the RI/FS sites, 135 underground storage tank (UST) sites have also been 

identified, 126 of which have undergone environmental investigations. Based on information obtained 

from the SMP and from Base personnel, 28 groundwater remediation systems (i.e., groundwater 

pumping and treatment or air sparging) are currently operating, waiting construction, or under 

consideration. 

Consequently, the focus of this study is to develop a Basewide groundwater flow model which can be 

used to evaluate the effects of various groundwater remediation projects under the auspices of the 

B&de Remediation Assessment Groundwater Study (BRAGS) that are active or planned :for MCB, 

Camp Lejeune. Two three-dimensional groundwater flow models were developed for use at MCB, Camp 

Lejeune: a comprehensive Basewide model (referred to herein as the BRAGS model) and a site-specific 

model for Site 82 (Piney Green VOC Area). The BRAGS model was constructed first based on 

composite groundwater elevation data taken ;6rom 30 IRP/UST sites at the Base and fi-om published 

USGS data collected from the water supply wells at the Base. The site-specific model was then 

constructed on the foundation laid by the BUGS model using data primarily from IRP Sites 82,6,9, 

and 3, UST Site 889-891, and from the nearby water supply wells. Both models were constructed with 

MODFLOW (a ftite-difference numerical flow model) and calibrated to measured head data collected 



by Baker from 1992 to 1993. MODPATH was used to generate particle pathlines based on the results 

of MODFLOW. 

The objectives of this modeling effort were to provide LANTDIV and MCB, Camp Lejeune with one 

or more working groundwater flow models that can be used to: 

0 Describe how groundwater flows beneath the entire Base as well as under individual 

sites of concern. 

a Demonstrate the effects of groundwater withdrawals (supply and remedial) on the 

aquifers in question (most notably the surticial unit and the Castle Hayne A.quifer). 

0 Predict the relative effectiveness of various remediation schemes at individual sites 

(including Site 82). 

As “working” models, it is imperative that these groundwater flow models be updated as new inhormation 

becomes available. Only updated models will be effective decision-making tools to optimize 

groundwater resource management, protection, and restoration. It is envisioned that personnel at 

LANTDIV or Camp Lejeune (or their representatives) will update and use these models to determine the 

relative effectiveness of various remedial scenarios at individual sites around the Base. 

The BRAGS model was constructed first so that the conceptual model of the entire Base could be tested. 

After the BRAGS model was calibrated, the model for Site 82 was constructed. This enabled the use 

of the previously calibrated inputs to be used, with some adjustments, at the site level of detail. As new 

information became available during the course of the study, the BRAGS model was updated and 

recalibrated The update incorporated the new data from the Site 82 model (including the results of the 

pumping test) and from the Site 73 model into the BRAGS model. 

The BRAGS groundwater flow model presented herein portrays the three-dimensional pattern of 

groundwater flow within the surficial unit and the Castle Hayne Aquifer. The BRAGS model predicts 

the elevation and flow direction of the surficial and Castle Hayne groundwater in many areas atround the 

Base where no data currently exist. The BRAGS model also demonstrates that discharge to the New 

River and its tributaries is the controlling factor on flow directions in the Castle Hayne Aquifer in the 



vicinity of Camp Lejeune. The model output indicated that the relatively high-volume withdrawal rates 

of the supply wells have a localized effect on the water levels in the Castle Hayne; however, large 

numbers of actively pumping wells in small areas have the potential to induce saltwater intrusion into 

the upper Castle Hayne Aquifer. This effect is most pronounced in the Paradise Point area along 

Brewster Boulevard To minim& drawdown and the resulting potential for saltwater intrusion, actively 

pumping water supply wells should not be grouped together in small areas but should be spread out in 

a line perpendicular to the ambient flow direction (not parallel to it). 

One of the concerns that initiated this modeling effort was that the potential number of pump and treat 

remedial actions at the Base may negatively impact the supply of available groundwater. The BRAGS 

model strongly indicated that the low ,volumes of water withdrawn from the surficial unit and/or the 

Castle Hayne Aquifer during such remedial actions will not measurably affect the groundwater supply 

at the Base. The results of the Site 82 model corroborate this theory. 

The Site 82 model describes the three-dimensional pattern of groundwater flow in the surfkiali unit and 

Castle Hayne Aquifer. The Site 82 model demonstrates the effects of proposed remedial groundwater 

withdrawals on the surficial unit and the Castle Hayne Aquifer. The model also demonstrates that the 

relatively low-volume withdrawal rates of the extraction wells will have a localized effect on the water 

levels in the surfkial unit and the Castle Hayne Aquifer. 

The Site 82 model directly addressed the thiid objective: it clearly showed the relative effectiveness of 

various site-specific remediation schemes. The locations of the extraction wells in the surficial and in 

the Castle Hayne Aquifer were fmahzed by the successll running of the model. “Success” was indicated 

by kmplete hydraulic control or “capture“ of the contaminant plume. Also, the model indicated that the 

low volumes of water withdrawn during remedial actions in the surfkial unit or the upper Castle Hayne 

will not measurably affect the groundwater supply at the Base. 

The groundwater flow models described herein will be useful in managing the future RI activities at the 

Base. The BRAGS model will be especially useful for determining the groundwater flow patterns in 

areas where no data currently exists and it gives a regional perspective on site-specific modeling. Future 

groundwater flow and/or contaminant transport modeling done at the site level should be coordinated 

with the BRAGS groundwater flow model so that the “big picture” of the groundwater flow is consistent 

across the Base. 
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BASEWIDE REMEDIATION ASSESSMENT GROUNDWATER STUDY (BRAGS) 

Marine Corps Base, Camp Lejeune, North Carolina 

1.0 INTRODUCTION 

Marine Corps Base (MCB), Camp Lejeune was placed on the Comprehensive Environmental Response, 

Compensation, and Liability Act (CERCLA) National Priorities List (NPL) on October 4, 1989 

(54 Federal Register 41015, October 4, 1989). Subsequent to this listing, the United States 

Environmental Protection Agency (USEPA) Region IV, the North Carolina Department of Environment 

andNatural Resources (NC DENR), and the United States Department of the Navy (DON) entered into 

a Federal Facilities Agreement (FFA) to conduct remedial investigations at MCB, Camp Lejeune. The 

primary purpose of the FFA is to ensure that environmental impacts associated with past and present 

activities at MCB, Camp Lejeune are thoroughly investigated and appropriate CERCLA 

response/Resource Conservation and Recovery Act (RCRA) corrective action alternatives are dleveloped 

and implemented, as necessary, to protect public health, welfare, and the environment (FFA, 1989). 

The Fiscal Year 1998 Site Management Plan (SMP) for MCB, Camp Lejeune, the primary document 

referenced in the FFA, identifies 42 sites that require Remedial Investigation/Feasibility Study (RWS) 

activities. In addition to these sites, 135 underground storage tank (UST) sites have also been identified, 

of which 126 sites have undergone environmental investigations. Based on information obtained from 

the SMP and from Base personnel, more than 28 of these IRP/UST sites are currently undergoing or are 

proposed for groundwater rem&&ion actions (i.e., groundwater pumping and treatment or air sparging). 

Although regional geologic and hydrogeologic studies have been conducted by the United States 

Geological Survey (USGS) at MCB, Camp Lejeune (Harried, et al, 1989 and Cardinell, et al, 1.993), the 

resulting effects of these groundwater pump and treatment systems on the underlying aquifers have not 

been evaluated. Consequently, the focus of this study is to develop a Basewide groundwater flow model 

which can be used to evaluate the effects of various groundwater remediation projects under the auspices 

of the Basewide Remediation Assessment Groundwater Study (BRAGS) that are active or planned for 

MCB, Camp Lejeune. 

In the course of this modeling effort, two working groundwater flow models were developed for use at 

MCB, Camp Lejeune: a comprehensive Basewide model and a site-specific model for Site 82 (Piney 

Green VOC Area). The BRAGS model was constructed first based on groundwater elevation data taken 



,- from 30 sites at the Base and from USGS data collected from the water supply wells at the Base. The 

site-specific model was constructed on the foundation laid by the BRAGS model using data primarily 

fi-om IRP Sites 82,6,9, and 3, UST Site 889-891, and from the nearby water supply wells. Both models 

were calibrated to measured head data collected by Baker from 1992 to 1993. ’ 

1.1 Modeliw Objectives 

The objectives of this modeling effort were to provide the Atlantic Division, Naval Facilities Engineering 

Command (LANTDIV) and MCB, Camp Lejeune with one or more working groundwater flow models 

that can be used to: 

1. Describe how groundwater flows beneath the entire Base as well as under individual 

sites of concern; 

2. Demonstrate the effects of groundwater withdrawals (supply and remedial) on the 

aquifers in question (most notably the surficial unit and the Castle Hayne Aquifer); 

and, 

3. Predict the relative effectiveness of various remediation schemes at individual sites 
m 

(including Site 82). 

As “working” models, it is imperative that these groundwater flow models be updated as new information 

becomes available. Only updated models will be effective decision-making tools for optimal 

groundwater resource management, protection, and restoration. It is envisioned that personnel at 

LANTDIV or Camp Lejeune will update and use these models to determine the relative effectiveness of 

various remedial scenarios at individual sites around the Base. 

The BRAGS model was constructed first so that the conceptual model of the entire Base could be tested. 

After the BRAGS model was calibrated, the model for Site 82 was constructed. This enabled the use 

of the previously calibrated inputs to be used, with some adjustments, at the site level of detail. As new 

information became available during the course of the study, the BRAGS model was updated and 

recalibrated as necessary. The update incorporated the new data from the Site 82 pumping test into the 

BRAGS model. 
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1.2 Reeort Organization 

The Final BRAGS report is comprised of one text volume which includes appendices of data from 

previously conducted pump tests at the Base as well as electronic input and output from the groundwater 

flow models (provided in Appendices B and C on CD-ROM). The section headings included within this 

text volume are as follows: 

Previous Investigations and Computer Simulations - Section 2.0 

Hydrogeology of the Camp Lejeune Area - Section 3.0 

BRAGS Groundwater Flow Model - Section 4.0 

Site 82 Groundwater Flow Model - Section 5.0 

Conclusions and Recommendations - Section 6.0 

References - Section 7.0 

Pumping Test Data from Site 82 - Appendix A 

BRAGS Model Data - Appendix B 

Site 82 Model Data - Appendix C 

1.3 Location and Setting 

MCB, Camp Lejeune is located on the Atlantic Coastal Plain of North Carolina in Onslow County. The 

Base is in the Tidewater (i.e., tidally-influenced) Region of the North Carolina Coastal Plain (Stuckey, 

1965). The facility encompasses approximately 236 square miles and is bisected by the New River. The 

New River flows in a southerly direction through Camp Lejeune and forms a large, meandering estuary 

before entering the Atlantic Ocean. The southeastern border of Camp Lejeune is the Atlantic Ocean 

shoreline. The western and northeastern boundaries of the facility are U.S. Route 17 and State Route 

24, respectively. The City of Jacksonville borders Camp Lejeune to the north (see Figure l-l). Figure 

l-l also shows the locations of the IRP Sites within each Operable Unit (OU) and Figure l-2 shows the 

locations of the UST Sites around the Base. 

1.4 History 

Construction of MCB, Camp Lejeune began in April 1941 at the Hadnot Point Industrial Area (HPIA), 

where major functions of the Base are located today. The MCB, Camp Lejeune complex, designed to 



be the “World’s Most Complete Amphibious Training Base,” consists of 12 general geographical 

locations under the jurisdiction of the Base Command. These areas include Hadnot Point, Paradise 

Point, Berkeley Manor/Watkins, Midway Park, Tarawa Terrace I and II, Knox Trailer, French Creek, 

Courthouse Bay, Onslow Beach, Rifle Range, Camp Geiger, and Montford Point. Table 1-I lists the 

acreage in each geographical area of different types of land utilization (e.g., training, operations, storage, 

administration, etc.). 

1.5 Tomography 

Elevations on the Base vary from sea level to 72 feet above the National Geodetic Vertical IDatum of 

1929 (hereafter referred to as “mean sea level” or msl); however, most of MCB, Camp L,ejeune is 

between 20 and 40 feet above msl. Drainage at MCB, Camp Lejeune is generally toward the New River, 

except in areas near the coast where flow is into the Intracoastal Waterway that lies between the 

mainland and barrier islands. In developed areas of the facility, natural drainage has been altered by 

asphalt cover (i.e., roadway and parking areas), storm sewers, and drainage ditches. Approximately 

70 percent of MCB, Camp Lejeune is comprised of broad, flat interstream areas with poor drainage 

(WAR, 1983). 

1.6 Surface Water Hvdrolopv 

The dominant surface water feature at MCB, Camp Lejeune is the New River. It receives drainage from 

a majority of the Base. The New River is short, with a course of approximately 50 miles on the central 

Coastal Plain of North Carolina. Upstream fi-om Camp Lejeune and over most of its length, the New 

River is confined to a relatively narrow channel in Eocene and Oligocene limestones. South of 

Jacksonville, the river widens dramatically as it flows across less resistant sands, clays, and marls. At 

MCB, Camp Lejeune, the New River flows in a southerly direction into the Atlantic Ocean through the 

New River Inlet. Several small coastal creeks drain the area of Camp Lejeune not associated with the 

New River and its tributaries. These creeks flow into the Intracoastal Waterway, which is connected to 

the Atlantic Ocean by Bear Inlet, Brown’s Inlet, and the New River Inlet. The New River, the 

Intracoastal Waterway, and the Atlantic Ocean converge at the New River Inlet. 
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TABLE l-l 

LAND UTILIZATION WITHIN DEVELOPED AREAS OF MCB, CAMP LEJEUNE 
BRAGS, CTO-0140 

MCB, CAMP LEJ-EUNE, NORTH CAROLINA 

Family 1 Troop I I I I SuPPlYl 
Storage 

157 
(14.4) 

Admin- 
istration 

122 
(11.3) 

Training 
Geographic Area Operation (Instruc.) Maintenanc 
Hadnot Point 

(ii) (l?) 
154 

(14.3) 
Paradise Point 

A (034) 
Berkeley Manor/ 
Watkins 
Midway Park 

(014) 

Tarawa Terrace I 
and II (O-35) 
Knox Trailer 

French Creek 

Courthouse Bay 

Onslow Beach 

Rifle Range 

Camp Geiger 

Montford Point 

Base-Wide Misc. 

TOTAL 

Notes: 

(1:4) (Oi) (lT7) 

$6) (29) 

(9?3) (116) (28) 

(lf3) (1:) 

(5) (61.;) (81:) 

(2!6) $5) (oT9) 
1 

(0.8; 
155 287 
(3.1) (5.7) 

Medical CM 
115 

(10.7) 

co 

(E) 

Recreation 
182 

(16.9) 

Utility Total 
1,080 
(100) (o’p,) 

(::) 
610 1,010 

(60.4) (022) wo 

(2) (012) (l?2) (oY5) 
507 

W) 

(027) (027) 

(ot3) 

(035) 
266 

(45.6) (172) 
12 

(322) (116) 

(113) (653) 

(1:6) 

$9) 
3 

(SL-) 
50 

(23.1) 

(147) (ot9) 

87 
(68.0) 
590 

(11.7) (O?S) 

Numbers without parentheses represent total acres. 
Numbers within parentheses represent percentage of total acres. 
Source: Master Plan. 1988 





FIGURE 1-1 
IRP OPERABLE UNITS AND SITE LOCATION 

BRAGS, CTO-0140 

MARINE CORPS BASE, CAMP LEJEUNE 
NORTH CAROLINA 



FIGURE 1-2 
UST SITE LOCATIONS 

BRAGS, CTO-0140 

MARINE CORPS BASE, CAMP LEJEUNE 
NORTH CAROLINA 



2.0 PREVIOUS INVESTIGATIONS AND COMPUTER SIMULATIONS 

Over 160 lRP/UST investigations have been conducted regarding the hydrogeological characteristics of 

the subsurface at and near MCB, Camp Lejeune. The geology and hydrogeology of the region and of 

the area adjacent to Camp Lejeune has been described by the USGS in several recent reports from 1989 

to 1993. Of particular pertinence to this effort were the publications by Cardinell et al (1993), Geise et 

al (1991), Winner and Coble (1989), and Harned et al (1989). On-site investigative activities conducted 

by Baker and other firms have added to the existing data with regard to the near-surface geology and 

hydrogeology . 

At least three groundwater flow models have been constructed of the region encompassing the Base. At 

the outset of this effort it was thought that one or more of the existing regional groundwater flow models 

may be adapted for use on a smaller scale. The Regional Aquifer System Analysis (ROSA) program 

generated two regional groundwater flow models and the North Carolina Geological Survey created a 

model of the Central Coastal Plain (CCP). These three existing models were examined and it was 

subsequently determined that the they were too large in scale and not detailed enough to yield meaningful 

results for use at MCB, Camp Lejeune. A brief description of each (and the reasons for its unsuitability 

to the task at hand) follows: 

0 One of the RASA models (Leahy & Martin, 1993) encompassed the entire area of the 

Northern Atlantic Coastal Plain (from Long Island, New York to North Carolina). The 

scale of this model was much too large to be adapted for use at such a comparatively 

small area like MCB, Camp Lejeune (which fit into one of the cells of the RASA 

model’s finite difference grid). 

0 Another RASA model (Geise, G.L., J.L. Eimers, & R.W. Coble, 1991) covered only 

the Atlantic Coastal Plain in North Carolina. Unfortunately, the scale of this model 

was also too large to be used directly because the area of MCB, Camp Lejeune took up 

only 4 cells wide by 4 cells long in the model grid. However, the inputs to this model 

were used extensively as background information for the BRAGS model at MCB, 

Camp Lejeune. 



0 The CCP mode1 @meis, J.L., W.L. Lyke, & A.R Brockman, 1990) covered a smaller 

region within North Carolina (MCB, Camp Lejeune was encompassed by 

approximately 10 cells wide by 10 cells long). However, the CCP modeled only the 

Cretaceous Peedee Aquifer and below. The sutflcial unit and the Castle Hayne Aquifer 

were not specifically modeled. It is possible that the current modeling effort could be 

used to generate input parameters in a version of the CCP model for the suriicial unit 

and the Castle Hayne Aquifer. That, however, is beyond the scope of this Imodeling 

effort, but may be of interest to water management officials in the future. 

None of these existing groundwater flow models dealt with either the surficial unit or the Castle Hayne 

Aquifer in a meaningful manner over the area of interest. Because these two potentially vulnerable 

hydrologic units were of paramount importance in this study, a new model was deemed necessary. 
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3.0 HYDROGEOLOGY OF THE CAMP LEJEUNE AREA 

3.1 Phvsiopraphv 

MCB, Camp Lejeune lies within the Tidewater region of the Atlantic Coastal Plain physiographic 

province (Stuckey, 1965). The Atlantic Coastal Plain is an eastward-thickening wedge of sediments 

lying atop the basement of Precambrian bedrock. This wedge varies from a thickness of zero near the 

Fall Line to more than 10,000 feet near and under the Atlantic Ocean (Winner & Coble, 1989). The 

Tidewater region is the portion of the Atlantic Coastal Plain that is influenced by diurnal ocean tides and 

is generally low-lying, swampy terrain with elevations ranging from sea level to about 50 ft. 

3.2 Geolopic and Hvdroeeologic Framework 

Beneath Camp Lejeune are seven water-bearing units, each comprised of one or more formations: an 

unnamed surficial unit of recent and Pleistocene age, the Castle Hayne Aquifer of Oligocene and Eocene 

age, the Beaufort aquifer of Paleocene age, and four Upper Cretaceous aquifers (the Peedee, Black 

Creek, and the Upper and Lower Cape Fear). For practical purposes, the surficial unit is not oonsidered 

an “aquifer” since it cannot yield sufficient amounts of water even for domestic use. This limitation of 

its use is probably due to its small thickness (which limits available drawdown) near Camp Lejeune. The 

underlying hydrologic units are much thicker and are capable of yielding adequate supplies of water; 

therefore, the underlying units can be practically considered “aquifers” and are referred to as such in tbis 

report. 

Each of the six aquifers mentioned above provide drinking water to many industries, municipalities, and 

private well owners throughout the eastern Carolinas and have been described in detail by many authors 

including Cardinell et al (1993) Trapp (1992), and Eimers et al (1990). The surficial unit and the Castle 

Hayne Aquifer were the only hydrologic units modeled in this effort because: 1) the contaminants 

beneath MCB, Camp Lejeune are either in the surficial unit or in the Castle Hayne Aquifer; 2) only the 

Castle Hayne Aquifer provides the drinking water for the Base; and 3) the underlying aquifers are over 

400 feet deep and effectively isolated by the Beaufort confining unit. The other five aquifers were not 

modeled in this effort and are not discussed further here. 
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According to the data collected by Baker during site-specific RI studies, the surficial unit consists mainly 

of a fme sand with silt, although medium-grained sand occurs to a lesser extent. Across the Base, the 

thickness of the surficial unit ranges from 0 to 73 feet. These deposits are undifferentiated Pleistocene 

and recent sediments. Also, sand beds of the Belgrade Formation of Miocene age are considered part 

of the surticial unit (Car-dine11 et al, 1993). The bottom of the surficial unit is at or near mean sea level 

over most of the Base. 

The Castle Hayne confining unit underlies the surllcial unit and overlies the Castle Hayne A.quifer. It 

is comprised of clay and/or sandy clay from one or more of the following lithologic units: the lower 

portion of the Miocene Belgrade Formation, the upper portion of the Oligocene River Bend Formation, 

or the upper portion of the Eocene Castle Hayne Formation (Cardine11 et al, 1993). The thickness of this 

confining unit averages about nine feet near Camp Lejeune and has been breached by the New River and 

some of its larger tributaries. This observation is one of the keys to understanding groundwater flow 

near the Base: the localized absence of the confining unit near the New River (or a large tributary) 

allows a strong hydraulic communication between the surficial unit and the Castle Hayne Aquifer. 

Cardinell et al (1993) graphically contoured the thickness of the Castle Hayne confining unit (Figure 3- 

1). 

In contrast to the classification of lithologic units, the classification of hydrologic units or aquifers 

depends only on hydraulic conductivity. There must be a distinction between the two types of 

classification: the silty sand bed below the Castle Hayne confining clay may be considered lithologically 

as part of the Belgrade Formation, but hydrologically it belongs to the same hydrologic unit as ,the Castle 

Hayne Aquifer. The BRAGS conceptual model used only distinctions in hydraulic conductivity to define 

layers. 

The Castle Hayne Aquifer lies beneath the Castle Hayne confining unit and consists of the lower portions 

of the Oligocene River Bend Formation and the Eocene Castle Hayne Limestone. In the vicinity of Camp 

Lejeune, the Castle Hayne Aquifer consists mainly of fine sand, shell rock and limestone. The upper 

portions of the aquifer consist of calcareous sand with discontinuous silt and clay beds (most. likely the 

River Bend Formation). The calcareous sand becomes more limy with depth (Car-dine11 et al, 1993). At 

Site 73, two conspicuous layers of indurated (and subsequently fractured) fossiliferous limestone occur 

at elevations of approximately -30 to -50, and -80 to -100 feet referenced to mean sea level (msl) (see 

boring logs for Site 73 RI Report, 1997). The limestone layers may indicate the top of the Castle Hayne 



Limestone and seem to be the most productive subunit of the Castle Hayne Aquifer as evidencxxi by the 

screened intervals of the Courthouse Bay supply wells (see Table 4-l). Hamed et al (1989) constructed 

a typical figure of water supply wells at the base from data collected from water supply wells and USGS 

test wells; the fignre shows a single 30-foot thick layer of limestone at elevations from -75 to - 105 msl. 

While the thickness of the limestone layers may not be consistent, the presence of fossiliferous limestone 

seems to be laterally continuous across the Base. 

In the vicinity of Camp Lejeune, the Castle Hayne confining unit and the upper Castle Hayne Aquifer 

have been incised by the meandering of the New River in ages past. Cardinell and others (1993) 

graphically contoured the top of the Castle Hayne Aquifer and a buried channel presumably created by 

the New River is evident in the southern half of Figure 3-2. This buried channel is significant in that it 

suggests that the Castle Hayne confining clay is breached near Courthouse Bay. This is, in fact, what 

was found in borings at Site 73, adjacent to Courthouse Bay (Baker, 1996b). This connection would 

provide hydraulic communication between the surficial unit and the Castle Hayne Aquifer and possibly 

allow uninhibited contaminant migration into the Castle Hayne Aquifer. 

The bottom of the Castle Hayne dips to the east across the Base at an average gradient 0.004 feet/foot 

(ft/ft), (Cardinell et al, 1993). 

3.3 ConceDtual Model of Groundwater Flow 

Wilder and others (1978) calculated an overall hydrologic budget for a typical location in the eastern 

Coastal Plain in North Carolina (see Figure 3-3): precipitation averages about 50 inches/‘year; five 

inches/year is lost to surface runoff; 34 inches/year is lost due to evaporation and plant transpiration. 

Total recharge to the water table is then about 11 inches/year. Of this amount, about 10 inches/year is 

discharged to surface water bodies as base stream flow. The r emaining one inch/year leaks into the lower 

units (e.g., the Castle Hayne Aquifer and underlying units). Other estimates of regional recharge to the 

water table range from 12 to 20 inches/year (Geise et al, 199 1) and also 15 to 22.5 inches/year (Leahy 

& Martin, 1993). However, even in studies where there were higher estimates of recharge to the water 

table, the estimates of vertical seepage to the underlying aquifers remained at 1 inch (Geise et al, 199 1 

and Eimers et al, 1994). 
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Precipitation falling on the upland areas of the eastern Coastal Plain generally moves vertically 

downward and generally flows horizontally toward the nearest groundwater discharge area: stream, river, 

bay, etc. (see Figure 3-4). As groundwater approaches the nearest discharge point (e.g. a stream or 

river), it may encounter a low hydraulic conductivity units (silt or clay) in which leakage through the 

layer is predominantly vertical. Near the discharge area, the head in the surficial water-bearing zones 

is reduced by the change in the surface relief at the surface water body; however; the pressure in the 

deeper aquifers remains higher than that in the surface water body. In the immediate vicinity of the 

discharge area, the particle responds to the vertical gradient in the deeper aquifers and moves vertically 

upward to the surface water body. The resulting flow path of a “typical” particle of groundwater in 

three-dimensions would therefore result in a curvilinear path from the recharge area to the discharge area. 

Most of the precipitation falling in the middle of the Coastal Plain generally does not flow very far 

vertically, but flows horizontally to the nearest groundwater discharge area: stream, river, bay, etc. (see 

Figure 3-5); however, some of the precipitation intiltrating into the upland (recharge) areas (estimated ’ 

at about l”/year) manages to move downward toward the bottom of the unconsolidated sediments in 

response to the downward vertical head. At some depth, depending on the pressure head, groundwater 

stops migrating downward and starts to move horizontally toward the east. 

As groundwater approaches the ocean, the pressure head in the upper aquifers is reduced by the change 

in the surface relief (ultimately to sea level). The pressure in the deeper aquifers beneath the coast 

remains higher than sea level and the vertical gradient in the deeper aquifers becomes verticaEy upward. 

The fresh groundwater then flows vertically toward the surface in the vicinity of the freshwater-saltwater 

interface near the ocean. 

This freshwater-saltwater interface is the area where the saltwater from the ocean is at equal pressure 

with the freshwater from the land. As such it represents a no-flow boundary that is relatively stable in 

position (unless hydraulic stress such as pumping is introduced on either side of the interface). The fi-esh 

water then moves upward toward the coast and parallel to the interface. The pressure head in the 

aquifers is such that the groundwater is forced to the surface through the confiiing layers. The travel 

time for a pathway as described here (Tom the Fall Line to the shore) would be on the order of centuries 

or millennia. The rivers, lakes, and streams along the coast are the ultimate discharge points for f?esh 

groundwater in the Atlantic Coastal Plain aquifers. 
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The natural groundwater discharge areas around Camp Lejeune are the New River and all of its 

tributaries (including swamps, wetlands, and streams) and the Atlantic Ocean. Most of these are at or 

very near mean sea level. Anthropogenic (man-made) discharges include a system of over 1100 water 

supply wells in the Castle Hayne Aquifer at MCB, Camp Lejeune. In 1993,68 of those wells pumped 

an average of almost 7 million gallons per day, according to information supplied by the Base Water 

Department. Some of the wells have been taken off-line and/or decommissioned because of high levels 

of organic contamination (e.g., HP-65 1), others due to poor well performance. 

3.4 Hvdraulic Characteristics 

3.4.1 Surficial Unit 

The hydraulic conductivity of the surficial unit has been measured by slug and pumping tests conducted 

during various RI and UST investigations. The average of the pumping and the slug testing in the 

surlicialunit at IR.P Sites 73 and 82 was 3.0 feet per day @t/d). These data are presented in Table 3-l. 

The procedures and results of the shallow pumping test at Site 82 are discussed in Appendix A. 

3.4.2 Castle Hayne Confining Unit 

Between the surficial unit and the Castle Hayne Aquifer lies the Castle Hayne confining unit. Leakance 

of an aquitard (e.g., a clay and/or silt confining unit) is defined as the vertical hydraulic conductivity of 

that aquitard per foot of aquitard thickness (y/b). Leakance values for the Castle Hayne confining unit 

found by Trapp (1992) ranged from 1~10~ to 1x10”’ ft/day/ft. Corresponding vertical hydraulic 

conductivity values for a 10 foot-thick unit range from 1~10~~ to 1x109 ftid. At Site 73, the vertical 

hydraulic conductivity of the Castle Hayne confining clay unit was measured to be 2.6~10~’ cm/set or 

7.3~10~ fl/d; the corresponding leakance value for a ten foot-thick clay unit would be 7.3~10‘~ ft/day/ft 

which is within the stated range of Trapp. 

3.4.3 Castle Hayne Aquifer 

Several pumping tests were performed in deep wells in various locations around the Base: DR’W- 1 (Site 

82 by Baker/OHM), supply well HP-642 (ES&E Inc.), supply well HP-708 (USGS), andi test well 

X24s2x (NC DBNR). The results of these tests indicated that the average hydraulic conductivity of the 



Castle Hayne Aquifer is very similar to that of the surficial unit with values averaging 2.85 ft/d (lx 10m3 

cm/set) and ranging from 0.09 ft/d (in the upper silty portions) to 8 ft/d (7~10~ to 3x109 cm/set). The 

Castle Hayne hydraulic conductivity data from various sites and other hydrogeologic studies are 

summarized in Table 3-2. The previous studies by the USGS, NC DENR and ESE (Cardinell et al, 

1993) resulted in values of hydraulic conductivity ranging from 2.3 ftid to 4.9 ft/d, using values for 

saturated thickness of 308 to 382 feet. 

These hydraulic conductivity values are indicative of fine sand and/or silty sand (Heath, 1983). In 

contrast, several USGS papers have been published that estimate the regional hydraulic conductivity of 

the Castle Hayne Aquifer in North Carolina as being one or more orders of magnitude greater than the 

site-specific values stated above (e.g., an estimated average of 65 ftid, Winner & Coble, 1989). The 

highly permeable and relatively thin (1 O-20 feet thick) layers of indurated and fractured limestone within 

the Castle Hayne may be the reason for such high conductivity value estimates. When a highly 

permeable layer is tested via pumping (as the USGS did), the resulting transmissivity value is measured 

directly, independent of the unit’s thickness. The calculation of the hydraulic conductivity value depends 

upon the interpretation of the thickness of the unit being tested. This may explain the apparent 

difference between the two sets of hybaulic conductivity data: a single transmissivity value dlivided by 

a large thickness (i.e., the entire thickness of the Castle Hayne Aquifer) would yield a lower hydraulic 

conductivity than for a thinner (limestone) layer. This modeling effort assumed an average thickness of 

350 feet for the entire Castle Hayne Aquifer. 

Another possible explanation for the difference between the regional and site-specific data could be the 

natural variations in hydraulic conductivity that can result from different depositional facies within the 

same chronostratigraphic unit, or perhaps postdepositional reworking by fluvial and/or tidal action. The 

large fraction of fine sand and silt in the upper portion of the Castle Hayne near MCB, Camp Lejeune 

indicates a relatively low to medium energy, shallow water environment of deposition. 
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Hydraulic 
Conductivity Test 

Well Way) Method 

SITE 73 

73-MWOl 0.14 FH SLUG 
73-MWOI 0.18 RH SLUG 
73-MW03 4.4 FH SLUG 
73-MW03 4.4 RH SLUG 
73-MWI 1 1.1 FH SLUG 
73-MWI 1 1.0 RH SLUG 
73-MW13 0.50 FH SLUG 
73-MW13 0.35 RH SLUG 
73-MW20 1.1 FH SLUG 
73-MW20 1.1 RH SLUG 
73-MW21 3.5 RH SLUG 
73-MW22 1.8 FH SLUG 
73-MW22 1.6 RH SLUG 
73-MW23 3.6 RH SLUG 

MW-I5 5.1 PUMPING 
MW-17 11.0 PUMPING 

Dist/Draw 14.7 PUMPING 

SITE 6/82 

SRW-I 1.47 PUMPING 
SP-2 0.91 PUMPING 
SP-1 1.31 PUMPING 
6GW-34 2.5 PUMPING 
SP-3 3.61 PUMPING 

Minimum 

Maximum 

Average 

0.14 

14.7 

3.0 

Standard 
Deviation 3.6 

TABLE 3-l 
Hydraulic Conductivity Data 
from IRP Sites 6, 82, and 73 

Surficial Unit 

BRAGS, CTO-0140 
MCB, Camp Lejeune, North Carolina 



TABLE 3-2 
Hydraulic Conductivity Data from the Castle Hayne Aquifer 

BRAGS, CTO-0140 
MCB, Camp Lejeune, North Carolina 

Well (sq ~cW) - m (ft/dw) by 

HP-708 lo 1140 382 (2) 3.0 USGS (1) 
HP-708 hi 1325 382 (2) 3.5 USGS (1) 
HP-642 lo 820 355 (2) 2.3 ESE, Inc. (1) 
HP-642 av 1280 355 (2) 3.6 ESE, Inc. (I) 
HP-642 hi 1740 355 (2) 4.9 ESE, Inc. (I) 

X24s2x 900 308 (2) 2.9 NC DEHNR (1) 

SITE 73 

73-MWOl B 224 350 0.64 Baker - Slug (3) 
73-MWOI B 133 350 0.38 Baker - Slug (3) 
73-MWI 1 B 228 350 0.65 Baker - Slug (3) 
73-MW11 B 119 350 0.34 Baker - Slug (3) 
73-MWI 5B 32 350 0.09 Baker - Slug (3) 
73-MWY SB 49 350 0.14 Baker - Slug (3) 

SITE 6/82 

DRW-1 1081 350 3.09 Baker - Pumping (4) 
6GW-1 D 1856 350 5.30 Baker - Pumping (4) 

DP-2 1179 350 3.37 Baker - Pumping (4) 
DP-1 2928 350 8.37 Baker - Pumping (4) 

6GW-15D 2054 350 5.87 Baker - Pumping (4) 

Minimum 

Maximum 

Average 

Standard 
Deviation 

32 0 

2928 350 

1005 226 

0.09 

8.37 

2.85 

828 172 2.35 

Transmissivity Thickness 
Hydraulic 

Conductivity Tested 

(1) - SOURCE: Cardinell et al, 1993, Table 4. 
(2) - SOURCE: Cardinell et al, 1993, Table 3. 
(3) - SOURCE: Baker Environmental, Inc., 1997b 
(4) - SOURCE: Baker Environmental, Inc., 1996a 
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4.0 BRAGS GROUNDWATER FLOW MODEL 

The groundwater flow regime beneath MCB, Camp Lejeune was simulated by using the model code 

MODFLOW (McDonald & Harbaugh, 1988), a numerical groundwater flow code initially developed 

by the USGS and modified to run on IBM-compatible computers. This code was chosen because it has 

been extensively tested and documented in many applications and was appropriate for this complex, 

three-dimensional groundwater flow system. 

The simplified governing (partial differential) equation used by the numerical model (MODFLOW) is: 

S(K.JWSx)/Sx + S(K#/Sy)/Sy + 6(K,6l&)/Sz - W = S,6h/& 

where: 

0 x, y, and z are Cartesian coordinates aligned with the major axes of hydraulic 

conductivity 

0 K, is the principle component of the hydraulic conductivity tensor in the i direction 

0 h is the potentiometric head or water table elevation 

0 W is a volumetric flux per unit volume of aquifer and represents sources and/or 

sinks of water 

0 S, is the specific storage capacity of the porous material 

a t is time 

This equation describes the movement of water through a porous medium. For a steady-state model such 

as this, the right side of the equation becomes zero because the change in head with time is assumed to 

be zero. Together with the specification of initial and boundary conditions, this equation constitutes a 

mathematical model of groundwater flow. 

MODFLOW can accommodate confined or unconfimed conditions and uses input parameters of 

hydraulic conductivity, aquifer thickness, recharge, evapotranspiration, porosity, storativity, and specific 

yield to calculate water levels at various locations within the model boundaries. Each of the inputs can 

be varied spatially across the model grid so that by changing the parameters, a match to actual field 

conditions can be accomplished. 
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In order to use MODFLOW, it was necessary to discretize the domain into cells, each of which had a 

“node” containing the properties (e.g., hydraulic conductivity) and/or boundary conditions (e..g., rivers, 

wells) that approximated the conditions found at the site. For example, a well was reproduced by a 

“well” cell that specifies the flow into (recharge) or out of (discharge) the cell. Similarly, rivers, streams, 

swamps, and no flow boundaries were reproducible by one of the internal boundary cell types within 

MODFLOW. 

InitiaIly, the BRAGS model was to represent the seven aquifers beneath the Base: the surficial unit, the 

Castle Hayne Aquifer, the Beaufort aquifer, and four Upper Cretaceous aquifers (the Peedee, Black 

Creek, and the Upper and Lower Cape Fear); however, it was determined from the initial model runs that 

the aquifers below the Castle Hayne were not noticeably affected by changes to the top two layers. 

Layers representing the Beaufort aquifer and below were subsequently removed from the modeling 

process. In addition, little to no water level data from these units were available beneath the Base; 

therefore, the layers representing these aquifers could not be calibrated. This change improved the 

performance of the model and reduced the necessary memory requirements for its continual use. 

Electronic model input and output for the BRAGS model can be found on CD-ROM in Appendix B. 

4.1 Finite-Difference Layered Grid 

The finite-difference grid superimposed over the subject area has a uniform spacing: 1,000 feet by 1,000 

feet square cells (see Figure 4-l). The grid has 101 rows (about 19 miles north to south) and 80 cohun.ns 

(about 15 miles east to west) over an area of approximately 285 square miles. The outer limits of the grid 

were chosen to be far enough away from the area(s) of pumping at the Base such that the boundaries of 

the grid would not interfere with any drawdown cones generated by pumping wells. Such interference 

would artificially increase or decrease the simulated drawdown, depending on the type of boundary being 

affected. 

The fully-3D groundwater flow model consists of five layers (see Figure 4-2). From top to bottom they 

represent the surflcial unit (layer l), the Castle Hayne confining unit (layer 2), and three separate layers 

representing the upper (layer 3,), middle (layer 4), and lower (layer 5) portions of the Castle Hayne 

Aquifer. The Castle Hayne Aquifer was divided into three portions because the “deep” monitoring well 

data represented only the upper portion of the Castle Hayne Aquifer. The water supply wells were 

generally screened in the middle of the Castle Hayne Aquifer where the fi-actured limestone occurs. 

k 



Therefore, the “deep” monitoring well target data was put into layer 3 and the supply well cells were put 

into the more permeable layer 4 (representing the limestone layer). Water elevation targets for the water 

supply wells were placed into layer 5 since the wells are also screened below the limestone. 

4.2 Model Boundarv Conditions 

Boundaries in MODFLOW include external and internal boundaries. External boundaries can include 

specified (constant) head or general head boundary cells. General head boundary cells were used around 

the perimeter of the model to simulate the regional gradients of ambient groundwater flow. Internal 

boundaries include well, river, stream, and drain cells. For the BRAGS model, no stream cells were used. 

Internal boundaries were well, river and/or drain cells. Some (8%) of the cells in the model were inactive 

(no-flow) due to their location in the Atlantic Ocean. 

Any cell in which the water elevation does not change appreciably over time such as the Atlantic Ocean 

were assigned specified (constant) head cells. There is no input of bottom elevations or conductances 

to this type of cell. The cell recharges or discharges to/Corn as much volume as the aquifer needs to keep 

the water elevation constant. 

Any cell in which the elevation of the water and the bottom surface of the water body was used to 

simulate the surface water to groundwater interaction (recharge or discharge) which also had a relatively 

constant elevation such as the New River was simulated using river cells. 

The remaining streams and swamps that were presumed only to receive groundwater runoff from the 

surficial unit were simulated by drain cells which are designed only to remove water from the 

groundwater system based on the elevation differences between the drain and the surrounding water 

table. Drain cells do not recharge groundwater. 

4.2.1 Specified (Constant) Head Cells 

The ocean was simulated by specified heads of zero (sea level) along the shore and no-flow cells further 

east. This arrangement presumes that all groundwater is discharging to the surface just west of (and 

along) the shoreline. It also presumes no east-west movement of the saltwater-freshwater interface along 

the shore. 
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4.2.2 General Head Boundary Cells 

General head boundary cells are head-dependant flow cells that allow flow into or out of the cell 

depending on two things: 1) the head differential between the assigned value and that in the surrounding 

aquifer and, 2) an assigned constant of proportionality. In the BRAGS model, the assigned vahre of head 

represents a theoretical head value (e.g., of a surface water body) at some distance beyond lthe model 

boundary and the proportionality constant represents the hydraulic conductivity of the aquifer between 

the model boundary and the “theoretical” surface water body. 

Four of the five layer-shad general head boundary cells placed along the outer boundaries to simulate the 

ambient groundwater gradient. The values of head assigned to each cell were chosen to represent the 

gradient of regional groundwater flow (0.000025 to the east in layer 1 and 0.0000125 to the east in the 

underlying layers, estimated from Geise et al, 199 1). The proportionality constants were adjusted by 

trial and error during the calibration process until a reasonable fit was achieved at the boundaries. 

4.2.3 Well Cells 

Wells cells are specified (constant) flux boundaries which keep a constant flow rate throughout the 

specified time period. Positive values recharge to groundwater and negative values discharge fi-om 

groundwater. MODFLOW assumes that each well fully penetrates the layer in which it is placed. 

These cells were placed at the locations of the water supply wells and assigned negative (discharge) 

pumping rates in cubic feet per day. All available well locations were plotted even if they were turned 

off. This will help in the future if they are turned on again. The NC state planar coordinates (NAD 

1983) of the water supply wells were converted from the latitude and longitude as recorded in Cardinell 

et al (1993). 

The average pumping rates of the supply wells were calculated from 1993 total pumping data supplied 

by the MCB, Camp Lejeune, Base Water Department. Since the water supply wells are turned off at 

night, it was necessary to estimate the fraction of time the wells were pumped each day. This was done 

by taking the total gallons pumped from each well per year (P, gallons/year) and dividing it by 365 

days/yr. This number was the average gallons pumped per day (p, gpd): 



p = PI365 

Then the maximum measured pumping rate (r, gallons/minute, or gpm) for each well was multiplied by 

1,440 minutes per day to get the theoretical maximum daily rate (& gpd) as if the well had been pumping 

day and night: 

R=rx 1,440 

Next, p was divided by Rto get the fraction of time the well was actually pumping per day (f, unitless): 

f=p/R \ 

For example, HP-603 pumped a total of 27,586,860 gallons in 1993. It’s maximum pumping rate was 

150 gpm (it has since been removed from service). The average daily rate was 27,586,860 

gallons/365days = 75,580 gallons/day. The theoretical maximum that HP-603 could produce in one day 

was: 150 gpm x 1,440 min/day = 216,000 gallons/day, Assuming that when the well was on (pumping 

at its maximum rate), the fraction of time that the well was on-line was the ratio of average/maximum 

(75,580 gpd/216,000 gpd = 0.349) or 35% of the time. That would have been about 8 hours of pumping 

every day. This value varied from well to well. Table 4- 1 presents the average daily pumping rates that 

were calculated for every well in gallons per minute and cubic feet per day. 

4.2.4 River Cells 

River cells are head-dependant flow cells in which the elevations of the surface water and river bottom 

are held constant (at surveyed or mapped elevations) and the thickness and conductance of the sediments 

control the flow rate of water to or from the cell. If the stream or pond level is higher than the 

surrounding groundwater, the river cell allows water to recharge the groundwater. Conversely, if the 

water level in the stream or pond is lower than the groundwater, the groundwater discharges to the 

surface water body. 

The equation for river conductance C ,+, is given by: 

c, = (KL#wyM 
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K = hydraulic conductivity of the river sediments; 

L = length of the river in each cell; 

W = width of the river in each cell; and, 

M = thickness of the river sediments. 

4.2.5 Drain Cells 

Drain cells function similarly to river cells except that they cannot recharge the groundwater when the 

ambient water table drops below the drain elevation. Streams and swamps were represented by drain cells 

because it was reasonably assumed that they only receive groundwater discharge and were not recharging 

groundwater. In low-lying swamps and wetlands where the elevation of the water is lower than the 

surrounding water table, this assumption is reasonable as the wetlands would be receiving discharged water 

most of the year. However, in cases where there are wetlands atop hills where water is ponding iabove the 

water table, drain cells may not be the best representation; river cells may be better to provide a source of 

ponded water in this case. 

4.3 Steady-State Modeling Process 

In a steady-state groundwater flow model all values of drawdown are assumed to have reached equilibrium. 

That is, enough time is supposed to have passed with the wells pumping at constant rates that no additional 

drawdown is occurring. While rarely true in reality, this assumption can be considered valid when applied 

over the long term (years or decades) to understand how groundwater flows within the regime. The most 

important assumption of this approach is that the diurnal pumping schedule of the water supply wells has 

been averaged as if pumping were a continuous event. 

In general, the extent to which the model assumptions match the actual subsurface conditions dictates the 

accuracy of any subsequent predictions. In order to get a realistic model, it was prudent to calibrate the 

model to match actual measured values of head. The “targets” of the calibration should be based on the 

statistics of the historical water level data where possible. 
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,- 4.3.1 Calibration Targets 

Water elevations measured at 21 IRP sites and one UST site around the Base during 1992 ;and 1993 

provided “target” data for the BRAGS model. At these sites, the well locations were in such close proximity 

to each other that an average water level was calculated for use as the site target in the BRAGS groundwater 

flow model. This limited the number of targets to a manageable size (142 head targets in layers 1,3, and 

5). 

From the average water levels in the shallow wells, 23 targets were established to which the surficial unit 

(layer 1) would be calibrated. In layer 3 (the upper portion of the Castle Hayne) there were 29 targets 

representing the “deep” and “intermediate” water level data. Layer 5 (the lower portion of the Castle Hayne 

Aquifer) contained 90 targets developed from the water level data from the supply wells. Because the water 

levels in the supply wells had been collected by the USGS over many years and in different ways, there was 

no way of knowing whether the water level data represented static conditions in these pumping wells at the 

time of collection, Therefore, more credence was given to the data in layers 1 and 3 than those in layer 5; 

therefore, the calibrations in layers 1 and 3 were deemed more accurate than that in the bottom layer. 

4.3.2 Calibration Methods 

The calibration process used the “trial and error” method in which the results of each run were examined 

statistically to determine the degree of “tit” of the results. No comprehensive groundwater contour maps 

exist for the Base; the only such maps were those pieced together by Hamed et al (1989) and those were 

spaced rather far apart. Statistics used were mean error (ME), mean absolute error (MAE), standard 

deviation of the errors (SDE), and the root mean square error (RMSE). After each run, one or more input 

values (e.g., horizontal and/or vertical hydraulic conductivity) and/or their spatial distributions were changed 

and the model rerun. Changes were made to various parameters in those areas of the grid where the error 

between simulated and measured water levels was large. In this “trial and error” method, not all changes 

were for the better, some had to be changed many times to find a “better” value or distribution. This process 

continued until a reasonable fit was achieved. 

,-\ 

The definition of “reasonable fit” is relative and depends upon many things including the amount of 

fluctuation in naturally-occurring water levels and upon the reliability of data collection methods. For the 

Marine Corps Air Station (MCAS), Cherry Point groundwater flow model (Eimers et al, 1994) statistics 



were also used to judge the adequacy of “fit.” As discussed below, this effort had comparable statistics to 

those used at MCAS, Cherry Point. 

4.3.3 Statistical Evaluation of Calibration 

The difference between a measured value (or target) and a simulated value is called an error. The average 

of the all the errors should be close to zero for an accurate model because that indicates that the errors higher 

than the targets are balanced by the errors below the targets. A highly positive or negative mean error (ME) 

would indicate an inaccurate model in which the water levels are all too low or too high, respectively. The 

MB is a good indication of accuracy but not of precision (or data dispersion). As long as the errors were 

balanced a model can be considered accurate, but the fit is better measured by the more useful indicators of 

precision These include the mean absolute error, MAE, the standard deviation of the errors, SDIE, and the 

root mean square error, RMSE. These statistical values are better indicators of tit than the ME alone 

because smaller values indicate less dispersion from the targets and that the simulated values collectively 

match the targets more closely (see introductory statistical reference such as Dixon & Massey, 1983). 

4.4 Calibrated Results of Simulation 

This section describes the inputs and outputs of the calibrated simulation. Unless otherwise indicated, the 

values used in the model were taken directly from the values discussed in the previous sections. 

Table 4-2 presents the errors of each target in the BRAGS model. The end of the table shows the statistics 

for each layer as well as for the entire model. The final ME value for all three layers in the BRAGS model 

was -0.85 feet, which indicates that the average of all the simulated water levels in all three layers was 0.85 

feet lower than the measured water levels. The MAE for all three layers was 4.46 feet. The SDE. was 6.10 

feet, and the RMSE was 6.14 for the final calibration. 

The comparable statistics between Camp Lejeune (three targeted layers) and MCAS, Cherry Point (six 

targeted layers) are as follows: 

4-8 April 241998 version 



Mean Error (ME) = 

Mean Absolute Error (MAE) = 

Standard Deviation of Errors (SDE) = 

Root Mean Square Error (RMSE) = 

Range of Errors = 

Range of Observed Elevations (R) = 

SDEfR = 

MCAS. Cherry Point 

(Eimers et al, 1994) 

0.20 feet 

4.35 feet 

5.70 feet 

5.70 feet 

zk 17 feet 

45 [-8 to 37 feet msl] 

13% 

MCB. Camp Lejeune 

(Baker,currentreport) 

-0.85 feet 

4.46 feet 

6.10 feet 

6.14 feet 

rt 23 feet 

43 [-5 to 38 feet msl] 

14% 

These statistical values of the two models compare favorably; the MAE, RMS, and SDE values indicate that 

the simulated values at Camp Lejeune are as close to the observed targets as are those at MCA.S, Cherry 

Point. The ratio of SDE to R can be used as an indication of adequate calibration. The ratios suggest that 

the two models are calibrated to an equivalent level. 

The range of errors may seem rather large for both models; however, for the Camp Lejeune BRAGS model, 

the largest errors occurred at locations having less than completely reliable measured data (i.e., in water 

supply wells with limited and sometimes dubious available data). With one exception, all of the errors in 

the surficial unit and upper Castle Hayne Aquifer (layers 1 and 3) are within +I10 feet of their targets; most 

of the error in layers 1 and 3 is associated with one data location (Site 69). The significance of this will be 

discussed below. In layer 5, all the modeled heads are within *20 feet of the targets. 

Figure 4-3 shows the graph of modeled head values as a function of the observed target head values. With 

one exception (Site 69), the heads in the three targeted layers (1, 3, and 5) are within *IO feet of the 

established targets. Figure 4-4 shows this more clearly: the target data point at Site 69 was very close to 

the New River but was also elevated more than 25 feet above mean sea level (msl). If the data from Site 69 

were excluded as targets, the statistics would show that the current groundwater flow model predicts the rest 

of the data with much better accuracy than the aforementioned numbers indicate: ME = -0.28; MAE = 2.79; 

and RMSE = 3.78. 

Figures 4-5 and 4-6 show the spatial distribution of the errors in layer 3. Again, with one exception, the 

heads are within f 10 feet of the targets. The anomalous value is from Site 69 without which the statistics 

are much improved: ME = -0.94; MAE = 1.85; and RMSE = 2.57. 
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Figure 4-7 and 4-8 show that the modeled heads for the lower Castle Hayne Aquifer are within *20 feet of 

their targets The error for layer 5 is larger than that in layers 1 and 3 due to several factors: 1) water level 

data from the water supply wells may have been measured before the wells had fully recovered from 

pumping, 2) even if the supply wells were allowed ,to fully recover internally before measurement, the 

influence of nearby active wells would not have allowed truly non-pumping conditions in many wells, 3) the 

wellheads of the supply wells had not been surveyed for vertical nor for horizontal control; elevations were 

estimated from topographic maps. 

Figures 4-9 and 4- 10 show the spatial distribution of error in layer 1. Figure 4- 11 and 4- 12 show the spatial 

distribution of error in layer 3. Figures 4- 13 through 4-16 show the spatial distribution of error in layer 5. 

These figures show error bars for each data station: the bars represent f one standard deviation from the 

mean (where the data were available); when data were insufficient to produce a standard deviation, a 

confidence interval of no more than five feet was chosen, depending upon the type of data point. 

4.4.1 Layer 1 -- Surficial Unit 

4.4.1.1 Input 

A uniform value of recharge of 11 inches per year was used in this model. This value was estimated based 

on several USGS studies (see section 3.3 for discussion) and was also calibrated to site-specific hydraulic 

conductivity data. Recharge occurred only in layer 1. Layer 1 was unconfined and bottom elevations in 

layer 1 ranged from -70 feet to +lO feet msl (see Figure 4-17). 

The general head boundary (GHB) cells were set to about 50 feet above mean sea level (msl) in the inland 

areas around the Base (see Figure 4- 18). The conductance of the GHB cells (C&J was set at 2:,000 ft*/d. 

The Atlantic Ocean was represented by a specified (constant) head value of +0 feet msl along the shoreline. 

River cells were used to represent the New River and its elevation was assumed to be mean sea level (see 

Figure 4- 18). Using the input value of 5,000 ft*/d for river cell conductance (C,,) is reasonable assuming 

the following parameter values for the New River: 

L = 1000 feet (average length of river cell in the New River) 

W = 1000 feet (average width of river cell in the New River) 
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M = 2 feet (estimated thickness of river sediments) 

K = 0.01 ft/d (or 3.5~10~ cm/set) 

This K value is typical of a silty clay sediment which is reasonable for the bottom of the New River. 

The elevations of the drain cells were the approximate elevations of the streams as determined by 

topographic mapping of the area (seeFigure 4-18). Dram cells for streams were assigned a uniform 

conductance value (c, =5,000 ft2/d). This translates to the following values: 

L = 1000 feet (average length of drain cell along streams) 

W = 10 feet (estimated average width of streams) 

M = 1 feet (estimated thickness of stream sediments) 

K = 0.5 II/d (or 2~10~ cm/set) 

This K value is typical of silt which would be expected in low energy streams. 

Drain cells were also used to simulate three areas of upland swamps by assigning mapped elevations and 

a C, value of 500 ft2/d. This yields the following value: 

L = 1000 feet (average length of drain cell in wetlands) 

W = 1000 feet (average width of drain cell in wetlands) 

M = 5 feet (estimated thickness of confining clay) 

K = 2.5~10~~ ft/d (or 9x10-’ cmkc) 

This K value is typical of the vertical hydraulic conductivity of a clay which would underlie a swampy area. 

Horizontal hydraulic conductivity K1, in layer 1 was uniform at 5 ft/d. This was the calibrated value adjusted 

from the average hydraulic conductivity value of 3 R/d (from shallow pumping and slug tests at Sites 73 and 

82). 

Vertical hydraulic conductivity was assumed to be 0.1 times the value of horizontal hydraulic conductivity 

in the surficial unit (K=OS ft/d in layer 1). This assumption was based on the relatively large calculated 

average value of vertical hydraulic conductivity (1.7 ft./d) by the Neuman method at Site 82 (see Appendix 



A). This value may not be indicative of the entiie Base as the confining unit is absent at Site 82.. Vertical 

anisotropy is often unknown and is estimated during calibration. Vertical anisotropy ratios ranging from 

1 to 1,000 are common in model application (Anderson & Woessner, 1982). 

No well cells were used in the surficial layer of the BRAGS model. 

4.4.1.2 Output 

Figure 4-19 shows the water table contours across MCB, Camp Lejeune. The map shows that the New 

River and its tributaries are the main areas of groundwater discharge from the surf&l hydrostratigraphic 

unit. Between the streams (localized discharge areas) are recharge areas; this was the expected ,pattern of 

flow in the surfkial unit, based on the conceptual model. 

With one exception, the simulated water levels in layer 1 were within 8 feet of their targets. ‘Table 4-2 

shows that the ME in layer 1 was -1.08 feet, the MAE was 3.48 feet, the SDE was 5.38 feet, the RMSE was 

5.37. As indicated by the value of the SDE for layer 1, about 66% of the simulated heads were within 5.4 

feet (one standard deviation) of their targets and 95% of them were within 11 feet (2 standard deviations). 

These compare favorably to: MAE = 3.87, SDE = 5.0, and RMSE = 5.0 for the surfkial unit in the MCAS, 

Cherry Point groundwater model (Eimers et al, 1994). 

Table 4-3 is a summary of the simulated hydrologic budget for the BRAGS model. It shows that, of 11 

inches of recharge per year, about 1.7 inches infiltrated into the Castle Hayne Aquifer. This value, while 

larger that the estimate by Wilder et al (1978) of 1 .O inches per year, is still relatively close to the: estimate. 

The BRAGS value of deep infiltration may be larger due to the effects of supply well pumping which 

accounts for 0.6 inches per year on average (5,366 gpm). The cessation of pumping would tend to make 

the value of deep infiltration about 1.1 inches per year. 

4.4.2 Layer 2 - Castle Hayne Confining Unit 

Layer 2, representing the Castle Hayne confining unit, had a uniform thickness of 10 feet but varied in depth 

across the entire Base. The top elevation of layer 2 is the same as the bottom of layer 1. The bottom of the 

confining unit varied from +0 to -80 feet msl. Layer 2 comprised three values of horizontal hydraulic 

conductivity: 0.1 ftid over most of the Base area, 0.00073 ft/d in selected places and 5 ft/d where the clay 



,F- 

unit was breached. Vertical hydraulic conductivities was assumed to be 0.1 times the horizontal values. 

Figure 4-20 shows the leakance values used in layer 2 (where leakance = K/thickness = y/l0 feet). 

No GHB, well, river, or drain cells were used in layer 2 of the BRAGS model for MCB, Camp Lejeune 

because it is assumed that the flow in layer 2 is mostly vertical and no groundwater flows laterally through 

the boundaries of layer 2. 

No river cells were needed in layer 2 to simulate leakage to the New River because the vertical permeabilities 

in layer 2 were used to simulate the presence or absence of the clay unit. Where no confining unit was 

present, the vertical hydraulic conductivity of layer 2 was much higher than in areas where a confiig unit 

was indicated. The higher the vertical hydraulic conductivity, the more hydraulic “communication” between 

vertically adjacent units. The direction of vertical flow depends on the head differences in the adjacent units. 

The higher heads in the upper Castle Hayne (layer 3) provided the impetus for the upward leakage to the 

New River in layer 1. 

4.4.3 Layer 3 - Upper Castle Hayne Aquifer 

4.4.3.1 hlJ& 

Top elevations in layer 3 were identical to the bottom elevations of layer 2. Bottom elevations in layer 3 

range from -40 feet to - 130 feet msl (see Figure 4-21). The bottom of layer 3 is sloping from west to east 

across the study area. The GHB cells in layer 3 are set so that a very slight regional gradient (0.0000125, 

estimated from Geise et al, 1991) is flowing to the east (i.e., 25 feet msl at the western boundary and 24 feet 

msl at the eastern boundary). The uniform hydraulic conductivity value in layer 3 is 7 ft/d. This is a 

calibrated adjustment to the average from the pumping tests in the upper Castle Hayne Aquifer (3 ft/d). 

Vertical hydraulic conductivity was assumed to be 0.1 times the horizontal value in layer 3 (0.7 ft/d). 

No well, river, or drain cells were used in layer 3 of the BRAGS model for MCB, Camp Lejeune. 

4.4.3.2 Output 

Figure 4-22 shows the piezometric surface contours in the upper Castle Hayne (layer 3) across MCB, Camp 

Lejeune. The map shows that the New River and its tributaries are still the main areas of groundwater 
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discharge from the upper Castle Hayne Aquifer. The drawdown Tom the pumping wells is shown especially 

near Hadnot Point where the resulting groundwater elevation is near sea level. 

All of the simulated water levels in layer 2 (with the exception of Site 69) were within 8 feet of their targets. 

Table 4-2 shows that the ME in layer 2 was -1.68 feet, the MAE was 2.57 feet, the SDE was 4.68. feet, and 

the RMSE was 4.89 feet. As indicated by the value of the SDE for layer 2, about 66% of the :simulated 

heads were within 4.7 feet (one standard deviation) of their targets and 95% of them were within 9.4 feet 

(2 standard deviations). This match is very similar to that of layer 1. These compare favorably to: MAE 

= 4.89, SDE = 5.50, and RMSE = 6.30 for the upper Castle Hayne Aquifer in the MCAS, Cherry Point 

groundwater model (Eimers et al, 1994). 

4.4.4 Layer 4 - Castle Hayne Fractured Limestone Unit 

Layer 4, representing the highly conductive Castle Hayne fractured limestone, had a uniform thickness of 

10 feet but varied in depth across the entire Base. The top elevations of layer 4 were the same as the bottom 

elevations of layer 3. The bottom of the confining unit varied from -50 feet to -140 feet msl. Lawyer 4 had 

a uniform horizontal hydraulic conductivity of 100 ft/d over the Base area. Vertical hydraulic conductivity 

was assumed to be 0.1 times the horizontal value (10 R/d). This value was estimated assuming that a higher 

hydraulic conductivity unit existed in the lower portions of the Castle Hayne Aquifer. No direct hydraulic 

conductivity data exist that can confmn this, but it is consistent with the well logs around the Base and with 

regional values of hydraulic conductivity in the Castle Hayne Aquifer (Geise et al, 199 1; Car-dine11 et al, 

1993; Hamed et al, 1989). 

The water supply wells were placed into layer 4 of the BRAGS model for two reasons: 1) the high yields 

of these wells suggest a high conductivity layer and 2) the well logs for most of the supply wells indicate 

that they are screened in one or more fractured limestone layers. Figure 4-23 shows the locations of the 

water supply wells around Camp Lejeune. Well cells were installed for all identified well locations around 

the Base but only those actually pumping in 1993 were given values of discharge as shown in Table 4- 1. 

Discharge rate values for MODFLOW are in negative cubic feet per day. 

GHB cells were used in layer 4 as boundaries and were identical to those of layers 3 and 5. No river or drain 

cells were used in layer 4 of the BRAGS model for MCB, Camp Lejeune. 
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4.4.5 Layer 5 -- Lower Castle Hayne Aquifer 

4.4.5.1 Inr>ut 

The top elevations of layer 5 are identical to the bottom elevations of layer 4. Bottom elevations in layer 

5 range corn -180 feet to -480 feet msl (Figure 4-24). The bottom of layer 5 is sloping from west to east 

across the study area. 

The GHB cell boundaries in layer 5 are set the same as in layers 3 and 4. The regional gradient is flowing 

to the east. No river or dram cells were used in layer 5. 

The uniform hydraulic conductivity value in layer 5 is 10 ft/d. Leakance is inactive in layer 5 as it is the 

bottom of the model. This has the same effect as a no-flow boundary at the bottom. 

4.4.5.2 Output 

Figure 4-25 shows the piezometric surface contours in the lower Castle Hayne (layer 5) across MCB, Camp 

Lejeune. As in layer 3, the map shows that the New River and its tributaries are the main areas of 

groundwater discharge from the lower Castle Hayne Aquifer. The drawdown from the pumping wells is 

shown especially along Brewster Boulevard (near Paradise Point) where the resulting groundwater elevation 

is near sea level. 

Table 4-2 shows that in layer 5, all of the errors were less than 20 feet. Table 4-2 shows that the ME in 

layer 5 was -0.52 feet, the MAE was 5.33 feet, the SDE was 6.68 feet, and the RMSE was 6.66 feet. As 

indicated by the value of the SDE for layer 2, about 66% of the simulated heads were within 6.7’ feet (one 

standard deviation) of their targets and 95% of them were within 13.4 feet (2 standard deviations). These 

compare favorably to: MAE = 5.45, SDE = 6.50;and RMSE = 6.50 for the lower Castle Hayne Aquifer 

in the MCAS, Cherry Point groundwater model (Eimers et al, 1994). 

4.4.6 Three-Dimensional Analysis of Groundwater Flow 

MODFLOW was used in the BRAGS model to generate 3-D flow vectors (directions and relative velocity 

at discrete points) in a map view and in an west-to-east cross-section, respectively. The length and size of 



each arrow represents its relative velocity compared to the other arrows. Figure 4-26 shows the lmap view 

of the northern portion of the Base in layer 4 (limestone) where the pumping wells are concentrated. The 

combined effects of the supply wells can be seen along Brewster Boulevard near Paradise Point -where the 

flow directions have been reversed from the river back toward the wells. In Camp Geiger the effect is less 

but is still noticeable as the velocity of the ambient flow (from west to east upgradient of the wells) has been 

slowed considerably. 

As shown on Figure 4-26, the controlling factors in dete rmining where groundwater flows are the streams: 

they provide a differential head that allows deep groundwater to migrate upwards because the heads in the 

underlying aquifer are much greater than those in the streams. In combination with breaches in the confining 

clay unit, a vertical “escape route” is provided for deep groundwater. That is why the flow vector arrows 

are so large in upstream portions of each stream; the head differential is typically much larger there than near 

the New River. Also noteworthy are the larger flow vectors near the edges and the smaller flow vectors 

toward the middle of surface water bodies; this is also the result of the changing head differentials beneath 

the surface water. 

Figure 4-27 shows an east-west cross-section between Verona Loop Road and Hadnot Point. It shows that 

groundwater flows lie that envisioned in the conceptual model: downward in the upland recharge areas and 

upwards to discharge into local streams or the New River (see also Figure 3-4). The flow in the surficial 

unit is mostly vertical and the flow in the lower Castle Hayne (layer 5) is mostly horizontal. Again, the flow 

vectors are largest where the head differential is largest, in upstream portions of the tributaries to the New 

River. The flow vectors discharging to the New River itself are much smaller in magnitude because the head 

differential is smaller there. 

Water supply wells intercept some of this water on its way to the New River but the individual effects are 

localized around the area near each well. However, where the supply wells are grouped together and their 

drawdown “cones” overlap are where the resulting groundwater elevations are lowest. Figures 4-22 and 

4-25 show such an area along Brewster Boulevard (near Paradise Point) where the model predicts steady- 

state groundwater elevations in the upper and lower Castle Hayne Aquifer at or below sea level. These are 

the “danger zones” for saltwater intrusion into the Castle Hayne Aquifer. In order to mitigate this situation, 

pumping wells should be spread out as much as possible to avoid the creation of such zones and to preserve 

the potable groundwater quality of the Castle Hayne Aquifer. 
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4.5 Sensitivitv Analvsis 

A sensitivity analysis was performed on the BRAGS model. Selected parameters were changed by f 20 and 

50% and the resulting effects were quantified statistically using the values of ME, MAE, and RMSE. The 

following six parameters were used in the sensitivity analysis: recharge, hydraulic conductivity (horizontal), 

leakance, general head boundary cell conductance, river cell conductance, and drain cell conductxuxe. 

4.5.1 Effects of Altering Recharge 

Figure 4-28 shows the effect of changing the value of recharge from the calibrated input value (11 

inches/year). The model is very sensitive to recharge, but no significant improvements were found based 

on changes to recharge input values. While a 15% increase in recharge would make the ME closer to zero, 

the values of RMSE and MAE would increase slightly. 

4.5.2 Effects of Altering Horizontal Hydraulic Conductivity 

Figure 4-29 shows the effect of changes to horizontal hydraulic conductivity, K. During the analysis, values 

of K were changed in every layer at once. While decreases in the K values reduced the value of ME, they 

produced unacceptable increases in RMSE and MAE. 

4.5.3 Effects of Altering Leakance 

Figure 4-30 shows the effect of changes to leakance, which is vertical hydraulic conductivity, K, , divided 

by the unit thickness, b. During the analysis, values of leakance were changed in every layer at once. 

Decreases in leakance values reduced the value of ME toward zero and slightly improved the values of 

RMSE and MAE. It is possible that a reduction in the values of leakance may slightly improve the model. 

4.5.4 Effects of Altering GHB Cell Conductance 

The values of ME, RMS and MAE were not noticeably affected by changes in the conductance of the GHB 

cells (see Figure 4-3 1). 



4.5.5 Effects of Altering River Cell Conductance 

The values of ME, RMSE and MAE were slightly improved by reductions in the conductance of the river 

cells, but the changes were not significant (see Figure 4-32). 

4.5.6 Effects of Altering Drain Cell Conductance 

Figure 4-33 shows that the value of ME was slightly improved by decreasing the conductance of the dram 

cells by 50%. The values of RMSE and MAE were also slightly reduced. Therefore, a change in the 

conductance of dram cells may be recommended, depending upon the effects of other recommended changes. 

4.5.7 Recommended Changes to the Model 

Figures 4-34 through 4-36 show the relative sensitivity of the model to the six parameters. Figure 4-34 

shows the response of ME to the changes: in descending order, the ME is most sensitive to recharge, 

hydraulic conductivity, leakance, dram conductance, and river conductance. The ME was not sensitive to 

the changes in GHB cell conductance. The ME is most sensitive to changes in recharge; although 

improvements were obtained by increasing recharge by about 15%, such a change is not recommended 

because it did not improve the other statistics (RMSE and MAE). Reductions of hydraulic conductivity in 

all five layers by 50% produced improvements in the value of ME; again however, such a change is not 

recommended because it did not improve the other statistics (RMSE and MAE). Reductions in drain cell 

conductauces and leakance (50%) seemed to improve the ME. A 50% reduction of river cell conductance 

also slightly improved the ME. 

Figure 4-35 shows that a 50% decrease in the values of leakance, drain cell conductance, and river cell 

conductance would improve the RMSE. On this figure it is shown that a 20% increase in K would slightly 

improve the RMSE. No improvements were noted by changing the calibrated value of recharge. The RMSE 

was not sensitive to changes in GHB cell conductance. 

Figure 4-36 shows that no significant improvements to the value of MAE are obtained by changing the six 

calibrated input values. 



In summary, the model is most sensitive to (in decreasing order): 

1. Recharge 

2. Hydraulic Conductivity (horizontal) 

3. Leakance 

4. Drain Cell Conductance 

5. River Cell Conductance 

The model was not sensitive to changes made in the conductance of the general head boundary (GHB) cells. 

Recommended changes are to decrease leakance, drain cell conductance and river cell conductance values 

by at least 50% to lower RMSE and MAE values and to achieve an ME value close to zero. Changes to 

recharge, hydraulic conductivity, and GHB cell conductance are not recommended. 

4.4 BFUGS Groundwater Flow Model Summarv 

The BRAGS groundwater flow model presented herein portrays the three-dimensional pattern of 

groundwater flow within the surficial units and the Castle Hayne Aquifer. It achieves the first two of the 

three objectives described in Section 1.1: 

0 Based on the conceptual model described in Section 2.0, the model describes how 

groundwater flows in three dimensions beneath the entire Base as well as under individual 

sites (Objective 1). The model reasonably predicts the elevation and flow direction of the 

groundwater in many areas around the Base where no data currently exist. 

0 The model demonstrates the effects of groundwater supply withdrawals on the surf&al 

unit and the Castle Hayne Aquifer (Objective 2). The model demonstrates that discharge 

to the New River and its tributaries is the controlling factor on groundwater flow directions 

in the Castle Hayne Aquifer in the vicinity of Camp Lejeune. The model output indicates 

that the relatively high-volume withdrawal rates of the supply wells have a localized effect 

on the water levels in the Castle Hayne; however, large numbers of actively pumping wells 

in small areas have the potential to induce saltwater intrusion into the upper Castle Hayne 

Aquifer. This effect is most pronounced in Paradise Point along Brewster Boulevard. 



Actively pumping water supply wells should not be grouped together in small areas but 

should be spread out in a line perpendicular to the ambient flow direction (not parallel to 

it) to avoid this situation. 

0 Although the BRAGS model does not directly address the third objective (i.e., predicting 

the relative effectiveness of various site-specific remediation schemes), it strongly 

indicated that the low volumes of water withdrawn from the surticial unit and/or the Castle 

Hayne Aquifer during such remedial actions will not seriously impact the water supply at 

the Base. 



SECTION 4.0 TABLES 



TABLE 4-l 
Pumping Rates of Water Supply Wells at MCB, Camp Lejeune 

Well Name* Well Screen Depth Casing Well 
or Number Depth Top Bottom Depth Diameter 

(feet) (feet) (feet) (inches) 

603 195 
606 210 
607 210 
609 145 
613 150 
616 147 
620 52 
622 227 
623 197 
628 200 
629 230 
632 200 
633 205 
635 215 
640 179 
641 178 
642 210 
652 183 
654 183 
661 135 
662 230 
663 180 
709 140 
710 140 
711 150 

LCH-4007 150 
LCH-4009 134 
LCH-5186 160 

614 (planned) 188 
621 (planned) 180 
622 (planned) 175 

70 

“NK8 
65 
60 
95 

UNK 
UNK 
UNK 

60 
60 

UNK 
55 
65 
64 

108 
112 
120 

UNK 
50 

UNK 
130 

70 
70 
60 
50 

UNK 
UNK 

118 
120 
105 

(feet) 

195 
210 

UNK 
145 
150 
147 

UNK 
UNK 
UNK 

145 
230 

UNK 
205 
215 
176 
168 
196 
178 

UNK 
135 

UNK 
180 
140 
140 
150 
145 

UNK 
UNK 

178 
170 
165 

70 8 0.076 
80 8 0 
50 8 0.172 
65 8 0.097 
60 8 0.096 
95 8 0.124 
46 18 0.084 
50 UNK 0.245 
50 UNK 0.119 
50 8 0.065 
50 8 0.088 
63 UNK 0.105 
55 8 0.156 
65 8 0.097 
64 8 0.149 
52 8 0.177 
40 8 0 
50 10 0.044 
50 UNK 0.079 
50 10 0.2 
50 UNK 0.064 
50 10 0.151 
50 10 0.123 
50 10 0.074 
50 10 0.063 
51 8 0.066 
50 8 0.207 
50 10 0.276 

100 10 (planned well) 
100 10 (planned well) 
90 10 (planned well) 

Average 
Daily 

Withdrawal 
in 1993 
(MGD) 

Regular 
or 

Emergency 

REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 
REGULAR 

TOTAL 

Average daily withdrawal from planned wells will be estimated at pumping capacity over 14 hours/day: 676,200 GPD estimated average 
Maximum daily withdrawal from planned wells will be estimated at pumping capacity over 18 hours/day: 869,400 GPD estimated max 

TOTAL 
GALLONS* 

(1993) 

27,586,860 
0 

62,778,180 
35,546,040 
35,215,560 
45,406,200 
30,800,700 
89,503,200 
43,570,800 
23,663,640 
32,121,OOO 
38,260,800 
57,076,800 
35,391,300 
54,338,880 
64,624,380 

0 
15,978,240 
28,817,040 
72,839,820 
23,450,520 
54,986,400 
44,737,200 
26,938,800 
22,896,OOO 
23,928,OOO 
75,390,ooo 

100,653,OOO 

1 ,I 66,499,360 
(existing wells) 
(existing wells) 

(existing + expansion wells) 
(existing + expansion wells) 

MAX 
PUMPING 

RATE (GPM) 

AVG 
PUMPING % TIME 

RATE (GPM) ON 

150 53 
345 0 
293 119 
162 67 
200 67 
200 86 
160 58 
310 170 
300 83 
150 45 
150 61 
240 73 
250 108 
200 67 
214 103 
281 123 
156 0 
146 31 
119 55 
269 139 
146 44 
210 105 
172 85 
105 51 
100 44 
150 46 
350 144 
350 192 
250 0 
175 0 
380 0 

35% 
0% 

41% 
42% 
33% 
43% 
36% 
55% 
28% 
30% 
41% 
30% 
43% 
34% 
48% 
44% 

2:; 
46% 
52% 
30% 
50% 
50% 
49% 
44% 
31% 
41% 
55% 

0% 
0% 
0% 

5,878 GPM TOTAL PUMPING CAPACITY 
8,464,320 GPD TOTAL PUMPING CAPACITY 

6,683 GPM TOTAL PUMPING CAPACITY 
9,623,520 GPD TOTAL PUMPING CAPACITY 



TABLE 4-1 (cont’d) 
Pumping Rates of Water Supply Wells at MCB, Camp Lejeune 

Average Regular 
Daily or TOTAL 

Well Name* Well Screen Depth Casing Well Withdrawal Emergency GALLONS* 
or Number Depth Top Bottom Depth Diameter in 1993 (1993) 

(feet) (feet) (feet) (feet) (inches) (MGD) 

643 240 90 240 88 IO 0.235 REGULAR 
644 255 85 250 85 IO 0.217 REGULAR 
646 266 90 265 50 10 0.219 REGULAR 
647 200 105 190 105 IO 0.33 REGULAR 
648 260 107 260 107 IO 0.016 REGULAR 
650 179 128 174 50 10 0.044 REGULAR 
698 124 84 124 50 IO 0.228 REGULAR 
699 108 72 98 50 IO 0.026 REGULAR 
700 130 100 130 50 10 0.114 REGULAR 
701 100 70 100 50 IO 0.147 REGULAR 
703 145 75 145 50 IO 0.18 REGULAR 
704 124 84 114 50 IO 0.122 REGULAR 
705 160 120 160 50 IO 0.172 REGULAR 
706 185 126 176 50 IO 0.183 REGULAR 
707 130 80 130 50 10 0.062 REGULAR 
708 176 126 176 50 IO 0.222 REGULAR 

617 (planned) 265 205 255 UNK 10 (planned well) REGULAR 
618 (planned) 240 180 230 UNK 6 (planned well) REGULAR 
619 (planned) 211 125 201 100 IO (planned well) REGULAR 

85,671 ,I 20 
79253,400 
79,764,OOO 

120,316,800 
5,989,200 

16,168,320 
83,374,800 

$595,980 
41‘756,400 
53,540,160 
65,756,160 
44,475,480 
62,904,420 
66,935,640 
22,581,OOO 
81,100,080 

TOTAL 919,182,960 for existing wells: 

l estimated by operators from logs 

MAX 
PUMPING 

AVG 
PUMPING % TIME 

RATE (GPM) RATE (GPM) ON 

269 163 
230 151 
425 152 
105 229 
280 11 
480 31 
244 158 
267 18 
140 79 
172 102 
192 125 
159 85 
185 119 
199 127 
130 43 
219 154 
410 0 
600 0 
175 0 

61% 
66% 
36% 

218% 
4% 

6:: 
7% 

57% 
59% 
65% 
53% 
65% 
64% 
33% 
70% 

0% 
0% 
0% 

3,696 GPM TOTAL PUMPING CAPACITY 
5,322,240 GPD TOTAL PUMPING CAPACITY 

for existing + expansion: 
4,881 GPM TOTAL PUMPING CAPACITY 

7,028,640 GPD TOTAL PUMPING CAPACITY 

Average daily withdrawal from planned wells will be estimated at pumping capacity over 14 hours 
Maximum daily withdrawal from planned wells will be estimated at pumping capacity over 18 hour 

995,400 GPD estimated average 
1‘279,800 GPD estimated max 



TABLE 4-I (cont’d) 
Pumping Rates of Water Supply Wells at MCB, Camp Lejeune 

Average 
Daily 

Well Name* Well Screen Depth Casing Well Withdrawal Regular TOTAL 

or Number 

AS-1 06 
AS-I 31 
AS-1 90 
AS-1 91 
AS-203 

AS-41 40 
AS-41 50 
AS-5001 
AS-5009 
TC-502 
TC-600 
TC-604 
TC-700 

TC-1000 
TC-1001 
TC-1251 
TC-1253 
TC-1254 
TC-1255 
TC-1256 

Depth Top Bottom Depth Diameter in 1993 or GALLONS* 

(feet) (feet) (feet) (feet) (inches) (MGD) Emergency (1993) 

179 UNK 
200 UNK 
180 UNK 
180 UNK 
173 UNK 
193 UNK 

193 UNK 
193 UNK 
196 UNK 
184 110 

70 48 
113 45 

76 27.5 
153 86 
100 70 
155 120 
250 120 
195 118 
250 124 
204 124 

UNK 
UNK 
UNK 
UNK 
UNK 
UNK 
UNK 
UNK 
UNK 

184 
70 

113 
76 

136 
100 
140 
170 
160 
190 
192 

UNK 8 
UNK 8 
UNK 8 

60 8 
UNK 8 
UNK 8 
UNK 8 
UNK 8 
UNK 8 

110 10 
70 8 
45 8 

27.5 18 
86 8 
70 8 

UNK UNK 
50 UNK 

UNK UNK 
UNK UNK 

60 UNK 

0.006 REGULAR 2,020,320 
0.002 REGULAR 576,600 
0.095 REGULAR 34,620,900 
0.082 REGULAR 29,779,200 
0.010 REGULAR 3,604,400 

0.0000 REGULAR 178,200 
0.001 REGULAR 245,760 
0.171 REGULAR 62,382,OOO 
0.047 REGULAR 16,996,320 
0.001 REGULAR 211,500 
0.148 REGULAR 54,056,160 
0.161 REGULAR 58,607,040 
0.029 REGULAR 10,725,OOO 
0.075 REGULAR 27,475,800 
0.131 REGULAR 47,942,400 
0.002 REGULAR 621,000 
0.102 REGULAR 37,309,440 
0.082 REGULAR 29,760,OOO 
0.040 REGULAR 14,720,160 
0.060 REGULAR 21,840,OOO 

TOTAL 453,672,200 

* estimated by operators from logs 

PUMPIN 
RATE 

(GPM) 

183 
310 
190 
281 
220 
110 
128 
130 
111 
400 
104 
154 
125 
104 
160 
175 
128 
100 

50 

AVG 
PUMPING 

RATE (GPM) 

4 
1 

66 
57 

7 
0 
1 

119 
33 

103 
112 

20 
52 
91 

71 
57 
28 
42 

% TIME 
ON 

2% 
0% 

35% 
20% 

3% 
0% 
1% 

91% 
29% 

0% 
99% 
73% 
16% 
50% 
57% 

1% 
55% 
57% 
56% 
39% 

3271 GPM TOTAL PUMPING CAPACITY 
4710240 GPD TOTAL PUMPING CAPACITY 

Average daily withdrawal from planned wells will be estimated at pumping capacity over 14 hours/day: 
Maximum daily withdrawal from planned wells will be estimated at pumping capacity over 18 hours/day: 



TABLE 4-2 -- STATISTICAL SUMMARY OF BRAGS SIMULATION 
BRAGS, CTO-0140 

MCB, CAMP LEJUENE, NORTH CAROLINA 

Location 
Name 

Target Computed Error 
Value Value 

BB-220 
Site 1 
Site 2 
Site 3 
Site 6 
Site 7 
Site 9 
Site 16 
Site 21 
Site 24 
Site 28 
Site 30 
Site 35 

,sL? I Site 36 
Site 41 
Site 43 
Site 44 
Site 69 
Site 73 
Site 74 

Site 78 
Site 86 
UST 21 

A-5 
BA-I 64 
BA-I 90 
BB-43 
88-44 
88-45 
ccc-1 
ccc-2 
LCH-4006 
LCH-4007 
RR-45 

;-, TC-20 1 
TC-202 
TC-604 

27.00 21.63 -5.37 
8.56 9.26 0.70 

28.50 36.02 7.52 
24.00 31.89 7.89 
16.74 14.88 -1.86 

4.30 5.55 1.25 
17.75 11.33 -6.42 

3.50 4.12 0.62 
20.00 16.80 -3.20 

8.50 14.56 6.06 
2.33 2.35 0.02 

34.26 28.33 -5.93 
8.80 5.50 -3.30 
3.84 4.14 0.30 
9.86 5.67 -4.19 
1.35 1.89 0.54 
4.51 6.27 1.76 

25.39 6.70 -18.69 
8.54 6.96 -1.58 

14.50 14.00 -0.50 

15.33 15.70 0.37 
9.86 8.42 -1.44 
3.30 3.83 0.53 

Layer 3 

4.41 2.70 -1.71 

11.00 10.57 -0.43 
7.00 6.44 -0.56 
1.20 1.57 0.37 
3.70 2.45 -1.25 
3.00 1.65 -1.35 
3.00 5.06 2.06 
7.00 8.28 1.28 

12.00 7.35 -4.65 
14.00 11.92 -2.08 

4.00 10.27 6.27 
17.00 14.15 -2.85 
16.00 13.92 -2.08 
22.00 14.66 -7.34 

Error Summary 

Layer 1 

Mean Error 
Mean Absolute Error 
Root Mean Square Error 
Standard Deviation of Errors 
Maximum Error 
Minimum Error 

Mean Error 
Mean Absolute Error 
Root Mean Square Error 
Standard Deviation of Errors 
Maximum Error 
Minimum Error 

Page1 of 4 

-1.08 
3.48 
5.37 
5.38 
7.89 

-18.69 

-1.68 
2.57 
4..89 
4..68 
6.27 

-22 58 . . 



Location 
Name 

Site ID 
Site 20 
Site 30 
Site 6D 
Site 9D 
Site 28D 
Site 35D 
Site 360 
Site 41 D 
Site 43D 
Site 44D 
Site 69D 
Site 73D 
Site 78D 
Site 86D 

HP-601 
HP-602 
HP-606 
HP-609 
HP-61 0 
HP-61 2 
HP-61 3 
HP-61 4 
HP-61 5 
HP-626 
HP-628 
HP-629 
HP-630 
HP-633 
HP-634 
HP-635 
HP-636 
HP-637 
HP-638 

f-@-~ 
HP-639 
HP-640 
HP-641 

TABLE 4-2 -- STATISTICAL SUMMARY OF BRAGS SIMULATION 
BRAGS, CTO-0140 

MCB, CAMP LEJUENE, NORTH CAROLINA 

Target Computed Error Error Summary 
Value Value 

Layer 3 (continued) 

7.25 8.52 1.27 
1.50 1.45 -0.05 
7.00 7.11 0.11 

12.39 9.07 -3.32 
10.00 8.91 -1.09 

2.33 3.04 0.71 
8.67 7.22 -1.45 
5.00 4.10 -0.90 
9.88 5.77 -4.11 
2.22 2.33 0.11 
5.98 6.57 0.59 

28.03 5.45 -22.58 
4.00 3.43 -0.57 

15.25 13.81 -1.44 
10.00 8.20 -1.80 

Layer 5 

-0.14 10.57 10.71 
15.00 12.53 -2.47 
16.70 17.02 0.32 
23.00 16.08 -6.92 

5.00 10.81 5.81 
9.60 3.37 -6.23 

10.00 5.66 -4.34 
13.20 0.45 -12.75 
16.00 0.15 -15.85 
13.30 14.51 1.21 
14.00 15.87 1.87 
20.00 20.70 0.70 
12.00 14.32 2.32 
15.00 6.41 -8.59 
20.00 16.35 -3.65 

6.00 13.76 7.76 
16.00 13.45 -2.55 
13.00 13.11 0.11 

4.00 8.65 4.65 
19.00 17.24 -1.76 
27.00 23.12 -3.88 
12.00 13.30 1.30 

Mean Error 
Mean Absolute Error 
Root Mean Square Error 
Standard Deviation of Errors 
Maximum Error 
Minimum Error 

-0.52 
5.33 

6.66 
6.68 

12..93 
-19.24 

Page2 of 4 



.F--- 

Location 
Name 

.F-- 

HP-642 
HP-643 
HP-644 
HP-645 
HP-646 
HP-647 
HP-648 
HP-649 
HP-650 
HP-651 
HP-652 
HP-653 
HP-654 
HP-655 
HP-661 
HP-663 
HP-698 
HP-699 
HP-700 
HP-701 
HP-703 
HP-704 
HP-705 
HP-706 
HP-708 
HP-709 
HP-71 0 
HP-71 1 
M-161 
M-168 
M-l 97 
M-267 
M-628 
M-629 
M-630 
MCAS-106 
MCAS-131 

f@- 
MCAS-203 
MCAS-4140 
NC-52 

TABLE 4-2 -- STATISTICAL SUMMARY OF BRAGS SIMULATION 
BRAGS, CTO-0140 

MCB, CAMP LEJUENE, NORTH CAROLINA 

Target Computed Error Error Summary 

Value Value 

Layer 5 (continued) 

19.00 17.64 -1.36 
12.00 -0.05 -12.05 

5.00 -0.53 -5.53 

9.00 0.81 -8.19 
3.00 2.01 -0.99 

15.00 4.24 -10.76 
26.00 25.83 -0.17 
21 .oo 29.37 8.37 
26.00 31.60 5.60 
25.00 10.89 -14.11 
23.00 22.81 -0.19 
17.00 11.21 -5.79 
17.00 9.58 -7.42 
15.00 12.79 -2.21 
12.00 13.14 1.14 
15.00 27.93 12.93 
13.00 0.06 -12.94 
12.00 -0.27 -12.27 
4.00 0.95 -3.05 
6.00 3.59 -2.41 

21 .oo 1.76 -19.24 
5.00 3.43 -1.57 

12.00 9.91 -2.09 

22.00 15.87 -6.13 
31 .oo 33.06 2.06 
13.00 15.14 2.14 

12.00 16.64 4.64 
27.00 21.65 -5.35 

2.00 10.66 8.66 
8.00 10.69 2.69 
9.00 8.23 -0.77 
3.00 5.21 2.21 
6.00 9.82 3.82 
5.00 6.62 1.62 
5.00 7.27 2.27 
I .oo 8.84 7.84 
I .oo 8.76 7.76 
3.00 8.51 5.51 
2.00 10.31 8.31 
3.00 10.55 7.55 

Page3 of 4 



TABLE 4-2 - STATISTICAL SUMMARY OF BRAGS SIMULATION 
BRAGS, CTO-0140 

MCB, CAMP LEJUENE, NORTH CAROLINA 

Location Target Computed Error 
Name Value Value 

ow-2 6.00 .-.I _ 6.13 0.13 

ow-3 14.00 5.80 -8.20 
ow-4 7.00 13.54 6.54 
ow-5 8.00 7.99 -0.01 

RR-47 0.00 7.55 7.55 
RR-97 20.00 12.02 -7.98 
RR-229 19.00 8.48 -10.52 
T-9 21 .oo 16.04 -4.96 
TC-1 00 14.50 11.12 -3.38 
TC-104 4.00 11.32 7.32 
TC-I 91 1 .oo 9.44 8.44 
TC-600 13.00 8.56 -4.44 
TC-901 15.80 9.01 -6.79 

,- 
TC-1001 23.20 10.99 -12.21 
TC-1253 5.00 8.85 3.85 
TC-1255 10.00 9.16 -0.84 
TC-1256 8.00 10.94 2.94 
TT-23125 6.00 10.78 4.78 
TT-26 7.00 12.83 5.83 
n-31 2.00 8.99 6.99 
TT-52 3.00 10.00 7.00 
TT-53 8.00 12.53 4.53 

TT-54 3.00 8.34 5.34 
TT-67 6.00 10.78 4.78 
x (1950) 14.00 15.23 1.23 
X24c2 8.00 12.31 4.31 
X24s2x 5.00 4.76 -0.24 
Y25q2 34.00 36.80 2.80 

Layer 5 (continued) 

Layersl,3,&5 

Error Summary 

__ ,_-. -- -’ 

Mean Error -0.85 
Mean Absolute Error 41.46 
Root Mean Square Error 6.14 
Standard Deviation of Errors 6.10 
Maximum Error I;!.93 
Minimum Error -22.58 

Page4 of 4 



LAYER 

1 

2 

3 

4 

5 

Atlantic 
Ocean 

bm-0 

-1,542 

0 

0 

0 

0 

TOTAL IN: 97,348 

TOTAL OUT -97,343 

Difference 5 

% Error 0.00 

TABLE 4-3 -- HYDROLOGIC BUDGET SUMMARY FOR BRAGS SIMULATION 
BRAGS, CTO-0140 

MCB, CAMP LEJEUNE, NORTH CAROLINA 

Discharge to Discharge to Discharge to Discharge to Flow through Recharge 

SUPPlY 
Wells 

(cw-f-9 

0 

0 

0 

-5,366 

0 

Streams & 
Creeks 

@pm) 

-45,125 

0 

New River 

&mm) 

-36,171 

0 

0 

0 

0 

Lateral 
Boundaries 

@pm) 

1,417 

0 

-3,056 

-3,042 

-3,042 

INFILTRATION INTO THE CASTLE HAYNE: 

Net flow from Layer 1 into Layer 3 
which is lost to lateral boundaries 

11 
inlyr 

&w-N 

95,931 c==> 18,468,OOO 
cfd 

0 

0 

0 

0 

14,510 gpm 

in Layers 3, 4, & 5 2,793,404 cfd 
(sum of all Layer 1 rows) 

---e----- --e------> 1.66 in / yr 

All values taken from the MODFLOW output file (brags-cbc.out -- see Appendix B) 
Negative values indicate water discharging from (exiting) the model. 
Positive values indicate water recharging (entering) the model. 
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FIGURE 4- 1 Finite-Difference Grid Location Map 
CTO-0140 BRAGS Groundwater Flow Model 

MCB, Camp Lejeune, North Carolina 
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FIGURE 4-2 Schematic of 3-D Five-Layer BRAGS Model 
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FIGURE 4-3 Computed vs. Observed Values in Layer 1 

BRAGS Model -- MCB, Camp Lejuene, North Carolina 
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; FIGURE 4-6 Error vs. Observed Values in Layer 3 
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FIGURE 4-7 Computed vs. Observed Values in Layer 5 

BRAGS Model -- MCB, Camp Lejeune, North Carolina 
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FIGURE 4- 17 Elevation of Bottom of Layer 1 
CTO-0 140 BRAGS Groundwater Flow Model 
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Figure 4-28 Effects of Recharge 
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Figure 4-29 Effects of Horizontal K 
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Figure 4-30 Effects of Leakance 
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Figure 4-31 Effects of GHB Conductance 

-50% -40% 
% Change from Calibrated Value 

-30% -20% -10% 0% 10% 20% 30% 40% 50% 

v I I 

! 
.-. -- -._... -.- -“- .._.... ~_-.- _._ I” __..._ ._ _..-...- ..__._ ^__ “-..---2- 1 _ . ~. _ . -... ..-_ --.. -._-. ! 

+ Mean Error --A Mean Absolute Error * Root Mean Square Error 



Figure 4-32 Effects of River Conductance 
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Figure 4-33 Effects of Drain Conductance 
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Figure 4-34 Comparison of ME Values 
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Figure 4-35 Comparison of RMSE Values 
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Figure 4-36 Comparison of MAE Values 
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5.0 SITE 82 GROUNDWATER FLOW MODEL 

Site 82, the Piney Green VOC Area, is a forested area approximately 30 acres in size located on the southern 

boundary of Wallace Creek and north of the Hadnot Point Industrial Area (see Figure 5-l). Disposal of 

chlorinated solvents and petroleum products occurred at the site during the 1950’s through the 1970’s when 

the adjacent site (Site 6) was used for an open lot storage area (referred to as Storage Lot 203) for various 

industrial materials and supplies used by the Base. Studies conducted at the site (NUS, 1991; Baker, 1992 

through 1997) indicated high levels (as high as 97,000 ug/L) of the chlorinated solvent trichloroethene 

(TCE) in the Castle Hayne Aquifer. Consequently, a groundwater pump and treatment system was designed 

for the site to address the volatile organics in the underlying aquifers and to mitigate possible migration to 

nearby water supply wells (notably HP-633). 

After the BRAGS model for Camp Lejeune was completed, the model for Site 82 was started. Site 82 is 

immediately adjacent and due north of Site 6. The first step was to use the BRAGS model to get a fnst- 

order approximation of the simulated groundwater conditions near Site 82. The external boundary 

conditions used in the Site 82 model were derived from the simulated heads in the BRAGS model. 

Flow directions were modeled using MODPATH. MODPATH is a particle-tracking code also dleveloped 

by the USGS (Polk& 1989) that uses the results of MODFLOW to generate particle traces (or pathlines) 

that result from groundwater advection (flow) only. Although no dispersion, reaction, and degradation of 

particles are possible with this type of software, it is most useful to generate capture zones around individual 

wells to demonstrate contaminant capture. Electronic model input and output for the Site 82 model can be 

found on CD-ROM in Appendix C. 

5.1 Finite-Difference Lavered Grid 

The fitedifference grid superimposed over Site 82 had variable spacing: square and rectangular cells range 

from 25 to 1,000 feet in length (see Figure 5-2). The grid was comprised of 72 rows (about 10,400 feet 

north to south) and 94 columns (about 13,600 feet east to west) over an area of approximately five square 

miles. 

The Site 82 model consisted of only two layers: the top layer representing the surficial unit and the bottom 

layer the Castle Hayne Aquifer. The Site 82 model was “quasi-3d” meaning that the confining layers were 



represented not by actual low hydraulic conductivity layers, but by a “leakance factor” used by MODFLOW 

to calculate leakance between layers. Because the average thiclmess of the Castle Hayne confining unit near 

Camp Lejeune is about 10 feet, this was the thickness of the pseudo-confining layer. That is, the bottom 

of layer 1 is 10 feet above the top of layer 2. 

5.2 Model Boundarv Conditions 

Boundaries in MODFLOW include external and internal boundaries. External boundaries can include 

specified head or general head boundary cells. Internal boundaries include well, river, stream, and drain 

cells. For the Site 82, no specified head or stream cells were used. External boundaries were general head 

boundary cells and internal boundaries were well, river and drain cells. 

5.2.1 General Head Boundary Cells 

General head bounw cells are head-dependant flow cells that allow flow into or out of the cell depending 

on two things: 1) the head differential between the assigned value and that in the surrounding aquifer and, 

2) an assigned constant of proportionality. In the Site 82 model, the assigned value of head represents a 

head value (e.g., of a surface water body) at some distance beyond the model boundary and the 

proportionality constant represents the hydraulic conductivity of the aquifer between the model boundary 

and the surface water body. 

Both layers had general head boundary cells placed along the outer boundaries to simulate the ambient 

groundwater gradient (as determined by the BRAGS model). The values of head assigned to each cell were 

chosen to represent the gradient of regional groundwater flow. The proportionality constants were adjusted 

by trial and error during the calibration process until a reasonable fit was achieved at the boundaries. 

5.2.2 Well Cells 

Wells cells are specified (constant) flux boundaries which keep a constant flow rate throughout the :specfied 

time period. Positive values recharge to groundwater and negative values discharge from groundwater. 

These cells were placed at the locations of the water supply wells and at the locations of the existing and 

proposed extraction wells. As in the BRAGS model, the wells were assigned average daily pumping rates 
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in cubic feet per day (negative to represent groundwater discharge). All available well locations were plotted 

even if they were turned off. This will help in the future if they are turned on again. 

The state planar coordinates of the water supply wells were converted from the latitude and longitude as 

recorded in Cardinell et al (1993). The state planar coordinates of the monitoring and extraction wells were 

taken from Site 82 survey data. 

5.2.3 River Cells 

River cells are head-dependant flow cells in which the elevations of the surface water and river bottom are 

held constant (at surveyed or mapped elevations) and the thickness and conductance of the sediments control 

the flow rate of water to or from the cell. If the stream or pond level is higher than the surrounding 

groundwater, the river cell allows water to recharge the groundwater. Conversely, if the water level in the 

stream or pond is lower than the groundwater, the groundwater discharges to the surface water body. The 

equation for river conductance CR was given in the previous chapter. 

River cells were used to represent Wallace Creek near Site 82 where its elevation is mean sea level. This 

includes the estuary portions of Wallace Creek (as defined on the site maps). 

5.2.4 Drain Cells 

Drain cells function similarly to river cells except that they cannot recharge the groundwater when the 

ambient water table drops below the drain elevation. Streams and swamps were represented by drain cells 

because it was reasonably assumed that they only receive groundwater discharge and were not recharging 

groundwater. The elevations of the drain cells were the approximate elevations of the streams as determined 

by topographic mapping of the area. 

5.3 Steadv-State Modeling Process 

Lie the BRAGS model, the Site 82 model was steady-state and all values of drawdown are assumed to have 

reached equilibrium. This assumption is valid when applied over the long term (years or decades) to 

understand how groundwater flows within the modeled system. Again, the most important assumption of 
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,F-- this approach is that the diurnal pumping schedule of the water supply wells has been averaged as if 

pumping were a continuous event. 

In the Site 82 model, new wells were introduced to the system. Therefore, it was necessary to calibrate the 

model to pre-pumping conditions (in the Site 82 extraction wells) before they could be “turned on.” 

5.3.1 Pre-Pumping Calibration Targets 

Prepumping water elevations were measured at the monitoring wells at Sites 82 and Site 6 (Storage Lot 20 1 

-- adjacent to Site 82) during 1992 and 1993. Table 5-l shows that there were a total of 59 head targets: 33 

shallow wells in layer 1 and 26 deep, intermediate, or supply wells in layer 2. Because of the data quality 

limitations of the water supply well data (discussed in the previous chapter), more credence was given to 

the data collected from the Site 82/Site 6 wells. 

5.3.2 Calibration Methods 

As in the BRAGS model, the calibration process used both “trial and error” and “parameter estimation” 

methods. The “parameter estimation” calibration was used generally at the beginning and at the end of the 

calibration process with the “trial and error” process used in the middle. 

5.3.3 Statistical Evaluation of Calibration 

The same statistics were used to calibrate the pre-pumping Site 82 model as were used in the BRAGS 

model: FM, ARM, RSD, and RMS. Generally, the degree of fit was deemed acceptable when the errors 

were within 10 feet of the target averages in both layers 1 and 2. 

5.4 Calibrated Results of Pre-Pumakw Simulation 

This section describes the inputs and outputs of the calibrated pre-pumping simulation. Unless otherwise 

indicated, the input values used were taken directly from the values discussed in the previous sections. 

r”l Table 5-l presents the errors of each target in the Site 82 groundwater flow model. The end of the table 

shows the statistics for each layer as well as for the entire model. All simulated heads were within 14 feet 
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of the target values. The RM for all three layers in the Site 82 model was 1.72 feet, which means that the 

average of all the simulated water levels in both layers was 1.72 lower than the measured water levels. The 

ARM for both layers was 3.23 feet. The RSD was 3.99 feet, and the RMS was 4.35 for the final calibration. 

5.4.1 Layer 1 -- Surticial Unit 

5.4.1.1 Pre-Pumping Input 

As in the BRAGS model, a uniform value of recharge of 11 inches per year was used in this model. 

Recharge occurred only in layer 1. 

The top elevation of layer 1 was assigned an arbitrary uniform value of +80 feet msl. This value is greater 

than the water table elevation which ensures that layer 1 remains unconfined. The bottom elevations in layer 

1 ranged from -20 feet to -10 feet msl (see Figure 5-3). 

General head boundary cells were used to simulate the ambient groundwater at the external boundaries of 

the Site 82 model. On the upgradient (north and east) sides of the grid, head values of either +;!O or +28 

feet msl and proportionality constants of 10,000 and 5,000, respectively, were assigned to various areas of 

general head boundary cells (see Figure 5-4). This method achieved a reasonable match of the “incoming” 

water elevations. On the downgradient (west) side of the grid, head values of zero (sea level) and a 

proportionality constant of 50 or 5,000 were used to approximate the New River beyond the western grid 

boundary. 

River cells were used to represent Wallace Creek near Site 82 where its elevation is mean sea level see 

(Figure 5-3). Using the input value of 5000 ft*/d for C,, is reasonable assuming the following parameter 

values for the Wallace Creek: 

L = 100 feet (average length of river cell in Wallace Creek) 

W = 100 feet (average width of river cell in Wallace Creek) 

M = 1 feet (estimated thickness of river sediments) 

K = 0.5 ft/d (or 1.8~10~ cm/set) 
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This K value is typical of a silty fine sand which is reasonable for the bottom sediment of Wallace Creek 

near Site 82. 

As shown in Figure 5-4, drain cells in the low-lying wetland areas near Wallace Creek were assigned a 

uniform conductance value (500 ft*/d). This translates to the following values: 

L = 100 feet (average length of drain cell in wetlands along Wallace Creek) 

W = 100 feet (average width of drain cell in wetlands along Wallace Creek) 

M = 2 feet (estimated thickness of wetland sediments) 

K = 0.1 ft/d (or 3.5x10” cm/set) 

This K value is typical of silts which would be expected in wetlands. 

Hydraulic conductivity in layer 1 was uniform at 3 ft/d. This was the average value from the shallow 

pumping tests at Site 82 (see Appendix A). 

Leakance factors (Vcont) in layer 1 had two values: 2~10~ and 3.65~10~~ ftIday/ft (see Figure 5-5). 

Assuming an average water table height of 40 feet, and given a 10 foot confining layer and a thickness of 

300 feet in layer 2, the vertical hydraulic conductivity of the contiming layer in a quasi 3-D model can be 

computed from a rearrangement of the following [McDonald & Harbaugh, 1988, pp 5- 16): 

VCOntij,k+*/* = (Az,,/2)/K, + AZ&, + (Az,/2)/K, 

where: 

K, = vertical hydraulic conductivity of the confining unit 

AZ, = thickness of the confining unit (10 feet) 

AZ,, = thickness of the upper unit (40 feet) 

K, = vertical hydraulic conductivity of the upper unit (0.3 ft/d) 

AZ, = thickness of the lower unit (300 feet) 

& = vertical hydraulic conductivity of the lower unit (0.5 ft/d) 

Vcontii,k+,R = leakance factor (2x 1 Oa or 3.65x 10”’ ft/d/ft) 

and solving for K, when Vcontii,,,, = 2x 1 O”I ft/d/ft: 
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K, = AZ, / [( l/Vcontti,,,,) - (AzJ2)K - (Az,/2)&,] 

K, = 10 / [(1/2x10A) - (40/2)/0.3 - (300/2)/0.5-J 

K, = 2.2~10~~ ft/day = 7.6~10~~ cm/set 

This value is indicative of clay for the confining unit. 

Solving for K, when Vcontij,lct,/z = 3.65~10~ ft/d/ft: 

K, = 10 / [(1/3.65~10~) - (40/2)/0.3 - (300/2)/0.5] 

K, = 4.2x10” ft/day = 1.5~10~ cm/set 

Where the clay is breached the value is indicative of silts. 

5.4.1.2 Pre-Pumoing Outnut 

All of the simulated water levels in layer 1 were within 10 feet of their targets at Site 82. Table 5-l shows 

that the RM in layer 1 was +1.90 feet, which means that the average simulated head value were 1.9 feet 

lower than the average of the measured heads in the surficial unit. The ARM was 3.36 feet, the RSD was 

3.98 feet, and the RMS was 4.41. As indicated by the value of the RSD for layer 1, about 66,% of the 

simulated heads were within 4 feet (one standard deviation) of their targets and 95% of them were within 

8 feet (2 standard deviations). 

Figure 5-6 shows the water table contours across Site 82 before any extraction wells were activated, The 

map shows that Wallace Creek and its surrounding wetlands and tributaries are the main areas of 

groundwater discharge from the surficial unit near Site 82. The groundwater flow direction from the site 

generally follows topography due north to Wallace Creek. 
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5.4.2 Layer 2 - Castle Hayne Aquifer 

5.4.2.1 Pre-Pumning; Innut 

The top elevations of layer 2 range from 0 feet (sea level) to -80 feet msl (see Figure 5-6). Bottom 

elevations in layer 2 range from -30 feet to -140 feet msl (see Figure 5-7). The bottom of layer 2 :is sloping 

from west to east across the study area. 

The specified head boundaries in layer 2 are set to about +35 feet msl. The regional gradient is flowing to 

the northeast (as observed in the BRAGS model). 

The uniform hydraulic conductivity value in layer 2 is 5 ft/d. This was the calibrated value and is close to 

the average from the pumping tests in the Castle Hayne Aquifer (3 ft/d, see Table 3-2). 

The locations of the water supply wells near Site 82 are shown on Figure 5-8. The wells were placed in layer 

2 and their “steady-state” pumping rates were determined in Section 4.0 (see Table 4-l). Discharge rate 

values used in MODFLOW are in negative cubic feet per day. No river or drain cells were used in layer 2. 

5.4.2.2 Pre-Pumeing Outnut 

Figure 5-9 shows the piezometric surface contours in the Castle Hayne around Site 82. The map shows that 

Wallace Creek and its tributaries are still the main areas of groundwater discharge from the Castle Hayne 

Aquifer. The effects of nearby water supply wells are also clearly shown on this figure. HP-633 is pumping 

an average of 109 gpm and HP-709 an average of 85 gpm. It is apparent from this figure that some 

potential exists for contaminants detected in the Castle Hayne Aquifer at Site 82 to migrate toward supply 

well HP-633. To date, no contamination has been reported in HP-633. 

The contaminants found in the deep wells at Site 82 had apparently been drawn down into the Castle Hayne 

Aquifer by the former supply well HP-65 1 which had been taken off-line and subsequently decommissioned 

due to high concentrations of organic contaminants. The screened interval of HP-65 1 was from 125 feet 

to about 200 feet bgs and the contaminants originating at the surface were drawn down into the Castle 

Hayne Aquifer while HP-65 1 pumped at a maximum rate of about 270 gpm. 
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All of the simulated water levels in layer 2 were within 10 feet of their targets with one exception: the 

simulated water level at water supply well HP-633 was 14 feet below the target. However, the measured 

target in HP-633 (+15 feet msl) is probably a non-pumping water level. The actual water level near HP-633 

when pumping (as simulated in the Site 82) model would be much lower. The simulated value is probably 

closer to the actual pumping level than this analysis would indicate. 

Table 5-l shows that the RM in layer 2 was 1.48 feet, the ARM was 3.06 feet, the RSD was 3.99 feet, and 

the RMS was 4.26 feet. As indicated by the value of the RSD for layer 2, about 66% of the simulated heads 

were within 4 feet (one standard deviation) of their targets and 95% of them were within 8 feet (2 standard 

deviations). Again, the match for the layer 2 is very similar to that of layer 1. 

5.5 Results of Remediation Scenario Simulation 

This section describes the inputs and outputs of the remediation simulation. All of the inputs other than 

extraction wells are identical to the pre-pumping inputs described in section 5.4. 

Chlorinated organic compounds have been identified in the surficial and deep groundwater at Site: 82. The 

estimated extents of the plumes within the surticial and deep groundwater evaluated from the July 1997 

groundwater are shown in Figures 5- 10 and 5- 11, respectively. Originally, three shallow and three deep 

extraction wells were proposed at Site 82 to contain the off-site migration. The pumping rates of the 

shallow extraction wells were based on data from previous pumping tests conducted within the surficial unit. 

The pumping rates of the deep extraction wells were estimated based on the pumping rate of the nearby 

water supply well HP-65 1. This supply well was decommissioned because of very high chlorinateid organic 

compound concentrations believed to have originated from Sites 6 and 82. Supply well HP-65 1 had a 

maximum pumping rate of 270 gpm and was screened between depths of 125 to 200 feet bgs with most of 

the water being produced from 125 to 155 feet bgs. The well log for HP-65 1 is shown on Figure 5-12. 

With the additional information made available by the Site 82 pumping tests, it became apparent that three 

shallow wells would not be adequate to contain the off-site migration in the surticial unit. .Also, the 

locations and pumping rates of the three deep extraction wells were revisited. Many intermediate 

remediation schemes were run with the model where locations and pumping rate of wells were slightly 

altered before the final remedial scenario was chosen. 
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5.5.1 Layer 1 -- Surkial Unit 

5.5.1.1 Remediation Scenario Innut 

The soil vapor extraction system (adjacent to the existing extraction well SRW-1) was taken off-,line after 

completion of the soil remediation project. However, groundwater contaminant concentrations in this area 

remain high. SRW-1 is designed to pump from this “hot spot” area of high VOC concentrations in the 

groundwater. Five additional shallow (30 feet bgs) extraction wells are proposed to be placed in an east- 

west line near the northern edge of Site 82. This line of wells is just south of, and adjacent to, the wetland 

floodplain of Wallace Creek (see Figure 5-13). The easternmost well, SRW-2, is 350 feet due: north of 

SRW-1. 

Each of the shallow extraction wells is anticipated to pump up to 5 gpm. The locations of the five additional 

wells were optimized to contain the shallow groundwater contamination from the area between wells 6h4W- 

32 and 6MW-40. Simulated remedial scenarios with fewer wells were tried unsuccessfully to contain the 

existing contaminant plumes. 

5.5.1.2 Remediation Scenario Outnut 

Figure 5-14 shows the water table contours in a close-up of the Site 82 area with the shallow extraction 

wells activated. Figure 5- 15 shows the capture zones of each well superimposed on the water table contours 

and the total VOC plume concentrations. The steady-state simulation shows that the proposed well:; are able 

to capture the shallow contamination and prevent further off-site migration toward Wallace Creek. 

5.5.2 Layer 2 - Castle Hayne Aquifer 

5.5.2.1 Remediation Scenario Inuut 

Three deep (90 to 110 feet bgs) extraction wells were originally proposed for Site 82. As happened with 

the design for the shallow extraction system, new information became available with the pumping tests at 

the site (see Appendix A). The main dif&rence between the original and the new designs was that .the lower 

anticipated pumping rates reduced the expected radii of the capture zones. After the pumping test, the 

pumping rate from SRW-1 was lowered from 150 gpm to about 25 gpm. The other two wells were also 
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projected to have similar rates so the designed screen lengths of SRW-2 and SRW-3 were increased from 

20 to 30 feet. This change is expected to increase the expected pumping rate in these two wells to at least 

40 gpm. 

Also, a modification was made to the original design in which SRW-2 was moved about 400 feet north of 

its original location (see Figure 5-16). This change brought the two downgradient wells (SRW-2 and SRW- 

3) into a line perpendicular to groundwater flow which is the typical arrangement for an extraction well 

system. 

5.5.2.2 Remediation Scenario Outnut 

Figure 5-17 shows the steady-state piezometric surface contours in the Castle Hayne around Site 82 with 

all three deep extraction wells activated. On Figure 5- 18, the capture zones around each well show that the 

contaminants in the Castle Hayne Aquifer can be contained by the proposed remedial design. 

5.6 Site 82 Groundwater Flow Model Summarv 

The Site 82 model describes the three-dimensional pattern of groundwater flow in the surficial unit and 

Castle Hayne Aquifer (based on the data to which it was calibrated). It achieves the three objectives 

described in Section 1.1: 

0 Based on the conceptual model described in Section 2.0, the Site 82 model describes how 

groundwater flows beneath Site 82 (Objective 1). 

0 The Site 82 model demonstrates the effects of remedial groundwater withdrawals on the 

surtkial unit and the Castle Hayne Aquifer (Objective 2). The model demonstrates that 

the relatively low-volume withdrawal rates of the extraction wells will have an e:xtremely 

localized effect on the water levels in the surfkial unit and the Castle Hayne Aquifer. 

0 The Site 82 model directly addressed the third objective: it clearly showed the relative 

effectiveness of various site-specific remediation schemes. The locations of the extraction 

wells in the surfkial and in the Castle Hayne Aquifer were finalized by the successful 

running of the model. “Success” was indicated by complete hydraulic control or “capture” 



of the contaminant plume. Also, the model indicated that the low volumes of water 

withdrawn during such remedial actions will not seriously impact the water supply at the 

Base. 
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TABLE 5-1 - Statistical Summary of 
Site 82 Groundwater Flow Model 

Well Name Target Head Model Head Residual 

6-MW6 19.77 19.38 0.39 
Site 9-N 12.50 5.06 7.44 
Site 74-NE 14.00 20.06 -6.06 
Site 74-SE 15.00 18.81 -3.81 
HP-612 9.60 4.16 5.44 
HP-710 12.00 16.20 -4.20 
HP-613/OW-3 6.50 6.02 0.48 
Site 9D/OW-4 10.00 10.57 -0.57 
HP-654 17.00 11.23 5.77 
HP-641 12.00 10.49 1.51 
HP-709 13.00 10.80 2.20 
X24s2x 5.00 1.17 3.83 
HP-648 26.00 18.23 7.77 
HP-629 20.00 13.85 6.15 
HP-635 6.00 10.10 -4.10 
HP-636 16.00 15.55 0.45 
HP-653 17.00 13.03 3.97 
HP-633 15.00 0.86 14.14 
S889/S891 7.00 15.62 -8.62 
S889D/S891D 6.00 8.04 -2.04 
Site 3D 7.00 10.05 -3.05 
Site 3E 26.00 17.30 8.70 
Site 3N 22.00 17.56 4.44 
6-MW4 21.23 20.22 1.01 
6-MW5 20.17 19.65 0.52 
6-MW7S 12.63 16.28 -3.65 
6-MW8 16.47 16.95 -0.48 
6MW-21 17.90 17.48 0.42 
6-MW7D 11.56 12.02 -0.46 
82MW-3 11.42 10.13 1.29 
82MW-1 4.74 0.52 4.22 
6GW-33 15.38 9.59 5.79 
6GW-34 15.01 8.29 6.72 
82MW-2 1.79 0.53 1.26 
82MW-30 22.24 12.05 10.19 
GGW-1s 17.20 14.47 2.73 
6GW-27D 10.13 11.26 -1.13 
6GW-28D 10.39 11.53 -1.14 
GGW-1D 13.21 13.19 0.02 
6GW-2D 16.64 15.15 1.49 
6GW-3 16.80 16.49 0.31 
6GW-15 18.86 17.22 1.64 
~GW-28s 9.73 7.78 1.95 
6GW-2s 25.75 20.34 5.41 
6GW-26 13.69 12.86 0.83 
6GW-11 17.21 16.80 0.41 
6GW-23 20.26 19.73 0.53 
6GW-25 23.56 21.00 2.56 
6GW-31 18.92 17.28 1.64 
6GW-16 20.59 19.95 0.64 
6GW-32 7.50 3.26 4.24 
6GW-30s 7.36 8..92 -1.56 
6GW-30D 10.11 12.55 -2.44 



;- 
6GW-35D 9.11 7.36 1.75 
6GW-37D 9.06 10.37 -1.31 
6MW-9 25.48 21.43 4.05 
6MW-3s 21.86 14.35 7.51 
~MW--3~ 18.26 15.60 2.66 
6GW-15D 14.84 13.45 1.39 

----- Summary Statistics For Entire Model ----- 

Residual Mean = 1.716676 
Residual Standard Dev. = 3.993229 
Residual Sum of Squares = 1114.678404 

Absolute Residual Mean = 3.228911 
Minimum Residual = -8.623124 
Maximum Residual = 14.142834 

Observed Range in Head = 20.910393 
Res. Std. Dev./Range = 0.190969 

----- Statistics for Layer 1 ----- 

Number of Targets = 33 
Residual Mean = 1.899291 
Residual Standard Dev. = 3.982640 
Residual Sum of Squares = 642.467921 

Absolute Residual Mean = 3.364606 
Minimum Residual = -8.623124 
Maximum Residual = 10.191839 

Observed Range in Head = 20.910393 
Res. Std. Dev./Range = 0.190462 

----- Statistics for Layer 2 ----- 
Number of Targets = 26 
Residual Mean = 1.484895 
Residual Standard Dev. = 3.994625 
Residual Sum of Squares = 472.210483 

Absolute Residual Mean = 3.056682 
Minimum Residual = -4.202745 
Maximum Residual = 14.142834 

Observed Range in Head = 17.369942 
Res. Std. Dev./Range = 0.229973 
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Figure 5-l - Finite Difference Grid Location Map 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Figure 5-2 Finite Difference Grid 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Figure 5-3 Bottom Elevation of Layer 1 (Surficial Unit) 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Figure 5-4 General Head Boundary, River, and Drain Cells in Layer 1 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Figure 5-5 Leakance Factor in Layer 1 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Figure 5-7 Bottom Elevation of Layer 2 (Castle Hayne Aquifer) 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Figure 5-8 Water Supply Well Cells in Layer 2 (Castle Hayne Aquifer) 
Site 82 Groundwater Flow Model 

CTO-0140 - MCB, Camp Lejeune, North Carolina 
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Site 82 Groundwater Flow Model 
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FIGURE 5-12 -- Well Log for S~lpply Well HE)-651 (a.k.a. Well #&I) 
(Reproduced from the best available copy.) 
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.-,, 6.0 CONCLUSIONS AND RECOMMENDATIONS 

The modeling effort described herein was successful in achieving the three objectives stated at the outset 

of this report. The objectives were to: 

0 Describe how groundwater flows beneath the entire Base as well as under individual sites 

of concern. 

0 Demonstrate the effects of groundwater withdrawals (supply and remedial) on the: aquifers 

in question (most notably the surficial unit and the Castle Hayne Aquifer). 

l Predict the relative effectiveness of various remediation schemes at individual sites 

(including Site 82). 

The two groundwater flow models were intended to be “working” models, that is, they were meant to be 

transferred into the hands of Base personnel (or their representatives) to update and modify to site-level 

work or as new information becomes available. The updated models will be effective decision-making tools 

for optimal groundwater resource management, protection, and restoration. The models can be used to 

determine the relative effectiveness of various remedial scenarios at individual sites around the E3ase. 

The BRAGS groundwater flow model presented herein portrays the three-dimensional pattern of 

groundwater flow within the surficial units and the Castle Hayne Aquifer (based on the data to which it was 

calibrated). The model reasonably predicts the elevation and flow direction of the surficial and Castle Hayne 

groundwater in many areas around the Base where no data currently exist. The BRAGS model also 

demonstrates that discharge to the New River is the controlling factor on flow directions in the Castle Hayne 

Aquifer in the vicinity of Camp Lejeune. The model output indicates that the relatively high-volume 

withdrawal rates of the supply wells have a localized effect on the water levels in the Castle Hayne. 

One of the concerns that initiated this modeling effort was that the potential number of pump <and treat 

remedial actions at the Base may negatively impact the supply of available groundwater. The BRAGS 

model strongly indicated that the low volumes of water withdrawn from the surficial unit and/or the Castle 

Hayne Aquifer during such remedial actions will not noticeably affect the groundwater supply at the Base; 

however, large numbers of actively pumping water supply wells in small areas have the potential to induce 



saltwater intrusion into the upper Castle Hayne Aquifer. This effect is most pronounced in Parad.ise Point 

along Brewster Boulevard. Actively pumping water supply wells should not be grouped together in small 

areas but should be spread out in a line perpendicular to the ambient flow direction (not parallel to it) to 

avoid this situation. 

The Site 82 model describes the three-dimensional pattern of groundwater flow in the surficial unit and 

Castle Hayne Aquifer. The Site 82 model demonstrates the effects of proposed remedial groundwater 

withdrawals on the surf&l unit and the Castle Hayne Aquifer. The model also demonstrates that the 

relatively low-volume withdrawal rates of the extraction wells will have an extremely localized effe:ct on the 

water levels in the surficial unit and the Castle Hayne Aquifer. 

The Site 82 model directly addressed the third objective: it clearly showed the relative effectiveness of 

various site-specific remediation schemes. The locations of the extraction wells in the smficial and in the 

Castle Hayne Aquifer were finalized by the successful running of the model. “Success” was indicated by 

complete hydraulic control or “capture” of the contaminant plume. Also, the model indicated that the low 

volumes of water withdrawn during such remedial actions will not noticeably affect the groundwater supply 

at the Base. 

The groundwater flow models described herein will be useful in managing the future RI activities at the 

Base. T’he BRAGS model will be especially useful for determining the groundwater flow patterns in areas 

where no data currently exists and it gives a regional perspective on site-specific modeling. Future 

groundwater flow and/or contaminant transport modeling done at the site level should be coordinated with 

the BRAGS groundwater flow model so that the “big picture” of the groundwater flow is consistent across 

the Base. 

It is strongly recommended that the additional hydrogeologic and chemical data collected from the Ion-going 

remediation activities and long-term monitoring at Site 82 be incorporated into the Site 82 groundwater flow 

’ model. At that time, the Site 82 groundwater flow model should be converted to Molly three-dimensional so 

that it is capable of modeling contaminant transport. From future modeling efforts (which should include 

actual pumping rates, updated groundwater elevations, and contaminant concentrations) recommendations 

can be provided to address the question of complete capture and the necessity of additional wells at Site 82. 
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1.0 INTRODUCTION AND OBJECTIVES 

This report describes two aquifer tests performed as “pilot” tests in two extraction 

(recovery) wells at Site 82. One recovery well was screened within the surficial unit 

(SRW-1) near a “hot spot” of volatile organic compound (VOC) contamination and the 

other near a similar VOC “hot spot” witbin the Castle Hayne aquifer (DRW-1). TIhese 

tests were performed so that an accurate estimate of discharge volume of contaminated 

groundwater might be provided to the operator of the treatment plant (OHM Corp.) and 

so that the aquifer characteristics of both hydrologic units (surficial and Castle Hayne) 

could be quantified. The data from the tests were evaluated and the results used to update 

the Site 82 groundwater flow model. 

OHM Corp. (OHM) installed the two recovery wells and the observation piezometers. 

Well completion logs for the wells and piezometers were not generated by OHM. OHM 

authored the pumping and recovery test procedures including the methodology (see 

Attachment A). 



2.0 RECOVERY WELL AND OBSERVATION PIEZOMETER 

INSTALLATION 

Baker Environmental, Inc. (Baker) authored the conceptual design of the pump and treat 

system at the Site 82 -- the Piney Green VOC Area (Baker, 1993) and identified tentative 

locations of several recovery wells. These wells were to be located within the shallow and 

deep “hot spots” of VOC contamination identified by several rounds of groundwater 

sampling and analysis. OHM installed two recovery wells, one in the surficial unit and one 

in the upper Castle Hayne aquifer in the areas of highest VOC contamination. OHM also 

installed several shallow and deep observation piezometers. No well completion logs were 

generated by OHM for the recovery wells nor for the observation piezometers; only the 

driller’s logs (required by the State of North Carolina) were filed with the state. 

2.1 Shallow Well and Piezometen 

The shallow recovery well (SRW-1) and three shallow observation piezometers @P-l, 

SP-2, and SP-3) were installed near an existing shallow monitoring well 6GW-34 (see 

Figure 2-l). The installation of SRW-1 was performed by OHM during February and 

March 1995 with an OHM geologist providiig logging and well installation inspection 

services. The piezometers were also installed by OHM in December 1995. Completion 

logs for SRW-1 and the shallow piezometers were not generated by OHM. 

SRW-1 is a 6” diameter stainless steel well screened (0.010” slots) f?om a depth elf 15 feet 

to 35 feet below ground surface (bgs). The location of SRW-1 was chosen so thatt 

existing wells (particularly 6GW-34 and 6GW-1 S) could be used during the test as 

observation wells and so that it could later be used as a recovery well at the shallow “hot 

spot” of high VOC concentrations near the recently completed soil vapor extraction 

(SVE) system. The shallow observation piezometers (SP-1, SP-2, and SP-3) consist of 

2” PVC and were screened (slot size unknown) from 15. to 3 5 feet bgs as was SRW- 1. 
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The purpose of the piezometers was to provide monitoring points close enough to the 

pumping well to observe the water level changes associated with the two phases 

(drawdown and recovery) of the shallow pumping test. 

2.2 Deep Well and PiezometerS 

The deep recovery well (DRW-1) and two deep observation piezometers @P-l and DP- 

2) were installed near existing deep monitoring wells 6GW-lD, 6GW-1DA and 6GW- 

1DB (see Figure 2-2). The installation was performed during March 1995 with an OHM 

geologist providing logging and well installation inspection services. The deep 

piezometers were installed in December 1995 by OHM. Completion logs were not 

generated by OHM for DRW-1 and the deep piezometers. 

DRW-1 was originally designed to be screened from 90 to 110 feet bgs. However, 

heaving sands were encountered at the original install depth and the well was not installed 

as originally designed. After three tries to install the well to a total depth of 110 feet bgs, 

sand caved in around the screen up to 92 feet bgs (18 feet of caved-in sand). OHM 

decided to pull the casing up 10 feet so that the screen would be from about 81 to 101 feet 

bgs. However, this still left at least 9 feet of screen surrounded by caved-in sand (from 

101 to 92 feet bgs). 

DRW-1 is a 6” diameter stainless steel well screened (0.010” slots) from a depth of 81 feet 

to 101 feet below ground surface (bgs). The location of DRW-1 was chosen so that 

existing wells (particularly 6GW-1D and 6GW-1s) could be used during the test as 

observation wells and so that it could later be used as a recovery well at the “hot spot” of 

high VOC concentrations at depth (90’ to 110’) in the Castle Hayne aquifer. The deep 

observation piezometers @P-l and DP-2) consist of 2” PVC and were screened from 80 

to 100 feet bgs. The purpose of the observation wells was to provide monitoring Ipoints 

close enough to the pumping well to observe the water level changes associated with the 



two phases (drawdown and recovery) of the aquifer test at DRW-1. Completion logs for 

DRW-1 and the two deep observation piezometers were not generated by OHM. 
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3.0 AQUIFER TESTING PROCEDURES 

OHM’s written aquifer testing procedures are presented in Attachment A. A Baker 

representative was present at the site during the deep aquifer test to confirm that these 

procedures were properly followed. The deep pumping test was conducted by OHM 

between February 18 and 23, 1996. The shallow pumping test was conducted from 

February 24 to 28, 1996. OHM’s field notes taken during the shallow and deep pumping 

tests are included as Attachment B. 

3.1 shallow Well Pumpin? Tests 

OHM personnel conducted the shallow pumping test starting on Monday, February 24, 

1996. Figure 2-l shows the locations of SRW-1 and the observation wells and 

piezometers. 

3.1.1 Test Configuration and Setup 

According to the OHM aquifer test procedures and recovery well specifications, a. 

submersible pump (Grundfos Model 5s) capable of pumping up to 7 gallons per minute 

(gpm) was installed into SRW-1 and set about 2 feet from the bottom of the well. For the 

purpose of the test, a pressure transducer was placed into SRW-1 a few feet above the 

pump. The available drawdown above the transducer was about 16 feet from the pre- 

pumping level. 

The pressure transducer in SRW-1 was secured so that it could not move up or down in 

the well and was connected to a Hermit brand automatic datalogger (with 16 channels) 

along with the seven other transducers placed in nine observation points (from nearest to 

farthest: SP-1, SP-2, SP-3,6GW-34, DRW-1,6GW-lS, and 6GW-33). The dataloggers 

recorded the drawdown throughout the continuous-rate pumping test (both the drawdown 
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P. 
and recovery phases). 

DISTANCES FROM SRW-1 TO SHALLOW AQUIFER OBSERVATION POINTS 

WELL ID DISTANCE (in feet) 

I SP-2 I 13 

I SP-1 I 17 

I SP-3 I 98 

6GW-33 I 354 

3.1.2 Shallow Step-Drawdown Test 

OHM did not record the data from the step-drawdown test at SRW-1. The flow totalizer 

read 000. When the pump was turned on initially at 3:00 PM, the rate was 3 gpm and 

then decreased to 2.4 gpm after 40 minutes. At 2.4 gpm there was 3.6 feet of drawdown. 

Even with the valve fully opened, the flow rate could not be increased. Since the pump 

was rated at 7 gpm, it was suspected that the collapsible fire hose was impeding the flow 

of water fi-om the well. This was confirmed when the pump was pulled from the well and 

placed in a 55gallon drum: without the hose it was able to pump 6 gpm. 

The following morning (Sunday, February 25, 1996), the fire hose was replaced by a 1” 

PVC line. The pump was turned on at 12:30 PM and the pump started pumping 6 gpm 

with the valve fully opened. After 30 minutes, the rate decreased to 5.0 - 5.5 gpm. After 

55 minutes, the drawdown in the pumping well is 9.5 feet. Because the pump was 
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pumping at its full capacity, it is not known whether the well could sustain a higher rate 

than 6 gpm if all of the available drawdown (at least 16 feet) were used. 

ARer 60 minutes, the pump was turned off to allow the well to recover for two hours 

before starting the drawdown phase of the shallow continuous-rate test. No reading of the 

flow totaliier was recorded. 

3.1.3 Shallow Continuous-Rate Pumping Test 

The continuous-rate pumping test consisted of two phases: the first phase was drawdown 

(when the pump was turned on) and the second was recovery (when the pumped was 

subsequently turned off). The dataloggers were programmed to record water levels in all 

seven observation points at logarithmic intervals (more frequent at the beginning and less 

so as time passed) for both phases of the test. The drawdown data recorded by the 

dataloggers for the shallow test are presented in Attachment C. The recovery data 

recorded by the dataloggers are also presented in Attachment C. 

3.1.3.1 Shallow Drawdown Phase 

At 3:30 PM on Sunday, February 25, 1996, the pump in SRW-1 was turned on and 

pumped at a rate of about 5.5 gpm for four hours when (at 7:30 PM) it was discovered 

that the datalogger had lost the values for scale, linearity, and offset for the transducer in 

SRW-1. The pump was then turned off and the datalogger was re-programmed. No 

reading of the flow totaliier was recorded in the field log. 

Two hours later (9:30 PM), the test was restarted at a rate of 5.5 gpm. After one hour, 

the drawdown in SRW-1 was 8.95 feet. Eventually the rate stabilized around 5 gpm and 

drawdown stabilized at about 10 feet. The test ran until 9:40 PM on Wednesday, 

February 28, 1996 when the pump was turned off for the start of the recovery phase. 
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Attachment C contains the data from the pumping (drawdown) phase of the shallow 

continuous-rate pumping test. 

The flow totalizer was recorded for a portion of the shallow pumping test. For 11.5 hours 

the well produced 3,198 gallons for an average of 4.6 gpm. The estimate written in the 

log (5.09 gpm) is erroneous in that it did not take into account the “‘false starts.” 

Unfortunately, no records of the flow totalizer exist at the start and the end of the shallow 

pumping phase, therefore, no volume of total pumpage or average rate throughout the test 

was possible. 

3.1.3.2 Shallow Recovery Phase 

After the pump was shut off, SRW-1 recovered to 6.49 feet of drawdown after 2.5 

minutes. The datalogger recorded the recovery test overnight and for part of the next day 

(March 1, 1996) for a total length of 32 hours (1,920 minutes). Attachment C contains 

the data from the recovery phase of the shallow continuous-rate pumping test. 

3.2 Deep Well Pumpinp Tests 

3.2.1 Test Configuration and Setup 

According to the OHM aquifer test procedures and recovery well specifications, a 

submersible pump (Grundfos Model 80s) capable of pumping up to 110 gallons per 

minute (gpm) was installed into DRW-1 and set about 2 feet from the bottom of the well. 

For the purpose of the test, a pressure transducer was placed into DRW-1 a few feet 

above the pump. The pressure transducer was secured so that it could not move up or 

down in the well and was connected to a Hermit brand automatic datalogger (with 16 

channels) along with the nine other transducers placed in nine observation points (from 

nearest to farthest: 6GW-lDB, 6GW-lDA, 6GW-ID, 6GW-1 S, DP-2, DP-1, SP-2, SRW- 



1, and 6GW-15D). The dataloggers recorded the drawdown throughout the step- 

drawdown test and the continuous-rate pumping test (both the drawdown and recovery 

phases). 

In addition to the five observation wells monitored automatically by the datalogger, one 

observation well (6GW-3SD) was monitored manually. The table below shows the 

distances from the pumping well (DRW-1) to each observation well. 

DISTANCES PROM DRW-1 TO DEEP AQUIFER OBSERVATION POINTS 

WELL ID DISTANCE (in feet) 

6GW-1DB 3s 

6GW-1DA 42 

6GW-1D 56 

6GW-1s 77 

I DP-2 I 205 

I DP-1 I 213 

I--- SP-2 I 271 

3.2.2 Deep Step-Drawdown Test 

The purpose of the step-drawdown test was to determine the optimal pumping rate at 

which drawdown in the pumping well is safely above the pump intake and the transducer 

and also at which the drawdown in the observation wells is maximized and easily 

measured. A step-drawdown test is performed by pumping the well at an initially low 

discharge rate for a period of time, observing the drawdown, and subsequently increasing 

the rate until an optimum pumping-rate is determined. The step-drawdown test-was 
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performed on the morning of Monday, February 19,1996 and was to consist of four 60- 

minute phases (steps): the initial rate was to be 50 gpm, the second was to be 70 gpm, the 

third 90 gpm, and the last 110 gpm. 

The flow totaliier at the start of the step-drawdown test read 200 gallons. At 9:30 AM, 

the pump was turned on at the initial rate of 50 gpm. However, the sustainable flow rate 

from DRW-1 was much less than anticipated. The initial pumping rate (50 gpm) quickly 

produced drawdown to within 6 feet of the pump intake with cavitation (entrained air 

bubbles) around the pump. The pumping rate was quickly lowered (by manually closing 

the valve) to 29 gpm which eliminated the cavitation and stabiied the falling water level 

at about 2 feet above the pump intake. It was then decided that the well (as installed) 

could sustain no more than about 30 gpm with the available drawdown. At 9:45 AM (15 

minutes of pumping), the pump was shut off and the water level allowed to recover for 15 

minutes. The totaliier then read 1,495 gallons for a total of 1,295 gallons. However, this 

value may be inaccurate due to the cavitation and entrained air in the system during the 

initial startup. 

At 10:00 AM, the pump was turned on again at 30 gpm and allowed to run for 90 

minutes. At 11:30 AM, the water level had stabiid with a drawdown of 69 feet from 

the static level. This translates to a specific capacity (S,) for DRW-1 of Q/s = 30 gpm / 

69 feet = 0.43 gpm/ft. By comparison to information on the well completion log for HP- 

65 1 (in Attachment C), the nearby water supply well produced 242 gpm with about the 

same amount of drawdown as in DRW-1 (S, = 242 gpm I 69 fi = 3.5 gpmkk). This is a 

very large difference (almost a full order of magnitude) and may be due to a number of 

factors including well design and the problems encountered (formation caving) during well 

installation. The screen length in DRW-1 is only 20 fi compared to about 70 fi 

(discontinuous) in HP-65 1. The shorter screen (and well depth) limits the available , 

drawdown in DRW-1 and is probably another factor in the lower than expected well yield. 
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Attachment D presents the data from the deep step-drawdown test. After 90 minutes of 

pumping at 3 0 gpm, a maximum drawdown of 1.6 feet was generated in 6GW- 1D at a 

distance of 56 feet Corn DRW-1. This was the closest observation well that was screened 

in a similar interval as DRW- 1. It was determined that DRW- 1 could produce no more 

than 30 gpm for a sustained yield. Because sufficiently measurable drawdown was 

generated during the step-drawdown test, the rate of 30 gpm was considered adequate for 

the pumping phase of the continuous rate test. After 90 minutes of pumping the flow 

totalizer read 4,437 gallons. A total of 2,942 gallons were pumped for an average of 32.7 

gallons per minute. 

3.2.3 Deep Continuous-Rate Pumping Test 

The continuous-rate pumping test consisted of two phases: the first phase was drawdown 

(when the pump was turned on) and the second was recovery (when the pumped was 

subsequently turned off). The dataloggers were programmed to record water levels in all 

eleven wells at logarithmic intervals (more fkequent at the beginning and less so as time 

passed) for both phases of the test. The drawdown data recorded by the dataloggers for 

the deep test are presented in Attachment D. The recovery data recorded by the 

dataloggers are also presented in Attachment D. 

3.2.3.1 Deep Drawdown (Pumping) Phase 

OHM personnel were at the site around the clock to conduct the continuous-rate pumping 

test on Tuesday, February 20, 1996 at the pre-determined rate of 30 gpm. The flow 

totaliier read 4,473 gallons before the pumping phase started. The datalogger started 

recording at 75OA.M when the pump was started. Because of the i&ally high head in the 

pumping well, the initial pumping rate was 50 to 56 gpm. This soon diminished as 

drawdown reduced the head inside the pumping well. Within minutes the rate stabii to 

about 30 gpm with about 69 feet of drawdown in DRW-1. 
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After one hour, the rate was 29 gpm with about 70 feet of drawdown. After two hours 

the rate was 27 gpm and after 5 hours, the rate was 26 gpm which was the average: rate 

for the remainder of the pumping phase of the test. Drawdown also stabilized at about 69 

to 70 feet in the pumping well. After the first day, the rate was the same but the 

drawdown decreased to about 67 feet. Recharge fi-om the preciptation events may have 

played a part in this recovery. 

At the end of the pumping phase, the flow totalizer read 114,657 gallons. A total of 

110,220 gallons was pumped during the 72-hour continuous-rate pumping test for an 

average flow rate of 25.5 gpm. 

The pumping test generated a maximum of 2.27 feet of drawdown in the closest 

observation well (6GW-1D) at the end of the drawdown phase. All six of the deep 

observation. points and piezometers responded during the pumping phase. The three 

shallow observation points also responded before being influenced by the recharge from 

precipitation that reversed the observed drawdown. 

A contour map (Figure 3-l) of the resulting water table was generated during maximum 

drawdown (just before the recovery phase started). Because the well efficiency of the 

pumping wells is not lOO%, the drawdown inside the pumping well is more than that in 

the formation just outside the well. For this reason, the actual drawdown in the formation 

near DRW-1 was estimated to reasonably match the actual conditions in the aquifer. An 

extrapolation of the regression line to the y-axis on the Distance Drawdown graph (Figure 

3-2) gives a drawdown of about 4 feet at 10 feet Corn DRW-1; at 1 foot, the drawdown 

would be 2.27 feet more given the change per cycle. This indicates a drawdown of about 

6.3 feet at one foot from DRW-1. This also indicates that the well efficiency of DIRW-1 is 

less than 10% (6.3 R / 69 ft = 0.091). 

3.2.3.2 Deep Recovery Phase 
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The recovery phase of the continuous-rate test was started at 753 AM on Friday, 

February 23, 1996. The datalogger was set to record the recovery at logarithmic intervals 

and the recovery phase was recorded for 24 hours. The recovery data are presented in 

Attachment D. After 24 hours, the water levels in most of the affected observation wells 

recovered to within 0.13 feet or less of the pre-pumping conditions. The two exceptions 

were piezometers DP-1 and DP-2 which recovered only to 0.58 feet and 0.34 feet of the 

pre-pumping levels, respectively. This may be because of the temporary nature of the 

piezometers and their construction: However, the construction details for these wells and 

pizeometers cannot be verified because no well or piezometer completion logs were 

generated by OHM. 
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4.0 AQUIFER TESTING DATA EVALUATION 

The recorded data were downloaded from the dataloggers into PC-compatible formatted 

files for use in spreadsheets and AqTeSolv (Aquifer Test Solver), an aquifer test data 

evaluation software package (version 2.0, Duffield, 1994). The data were then corrected 

as necessary (negative elevation values were converted to positive drawdown by OHM) 

and formatted as ASCII tiles for use in AqTeSolv. 

Tables 4-l and 4-2 present the results from the shallow and deep pumping tests, 

respectively, The data were evaluated by three diierent methods (unsteady drawdown, 

steady-state drawdown, and recovery). The tables list the minimum, average, and 

maximum values for permeability by well and by method. All data were corrected as 

necessary for unconfined conditions and for partial penetration within AqTeSolv. 

The drawdown values for the pumping wells, SRW-1 and DRW-1, were not used in the 

calculations because of the well loss (due to friction) within the pumping wells. Tlhe 

recovery data for these pumping wells were used in the anaylses. The results of the 

distance-drawdown analyses are at the bottom of the table (in the average row). It should 

be stated here that the graphs of drawdown versus time in the attachments show the 

pumping rate to be 30 gpm. The software actually takes into account the entire series of 

pumping rates as the test progresses. The initial rate was 30 gpm which diished over 

time until 26 gpm was the rate for the majority of the test. 

The average permeability of the different methods used for the shallow pumping test was 

1.68 f-t/day (with a standard deviation of 0.65 fVday). The average storativity value was 

0.009 (unitless, with a standard deviation of 0.007). The average permeability for the 

deep pumping test was 4.90 fVday (with a standard deviation of 1.69 ft/day). The average 

storativity value was 0.015 (unitless, with a standard deviation of 0.007). 
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4.1 Shallow Drawdown Phme Data Evaluation 

The unsteady drawdown evaluation of the shallow data was performed using two 

equations: the Cooper-Jacob straight-line method corrected for unconfined drawdown 

(Cooper & Jacob, 1946; Kruseman & DeRidder, 1990) and the Theis curve-matching 

method corrected for unconfined drawdown (Theis, 193 5; Kruseman & DeRidder, 1990). 

These two methods for analyzing unsteady flow to a well were performed within 

AqTeSolv. The steady-state pumping evaluation of the shallow data was performed using 

Jacob’s distance-drawdown relationship using a spreadsheet to generate a least-squares 

regression line through the data (Jacob, 1950). The shallow recovery data were analyzed 

using the Theis method for recovery (Theis, 1935) also within AqTeSolv. 

4.1.1 Unsteady Flow under Shallow Unconfined Conditions 

Unsteady flow to a well occurs in the time interval after the pump is turned on in which 

the actual water table in the formation is changing (drawdown is increasing) with time. 

Two methods were used to evaluate the unsteady flow in the shallow pumping test. The 

two sets of columns in Table 4-l labelled “Cooper-Jacob, Unconfined” and “Theis, 

Unconfined” present the results of the unsteady shallow pumping test data evaluation. 

The Cooper-Jacob method is a straight-line (semi-log) method and is usually easy to use 

and interpret. The analytical equation and the graphs used in the Cooper-Jacob method 

are presented in Attachment E. The Theis method is a curve-matching (log-log) method 

that requires somewhat more interpretation than the more intuitive straight-line method. 

The analytical equation and the graphs used in the Theis method are presented in 

Attachment F. Both methods usually assume the aquifer is confined, therefore the: data 

were required to be adjusted to account for the unconfined nature of the surficial unit. 

The simple method by Kruseman and DeRidder was used within AqTeSolv for that 

purpose (Kruseman & DeRidder, 1990). 
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As shown in Table 4-1, the average permeability of the surkial unit according to the 

Cooper-Jacob method is 1.77 fuday (with a standard deviation of 1.42 f-t/day). The 

average storativity of the surficial unit by the same method was 0.004 (with a standard 

deviation of 0.003). 

The average permeability from the Theis method was 1.39 fbday (with a standard 

deviation of 1.15 Wday). The average storativity was 0.006 (with a standard deviation of 

0.004). 

4.1.2 Steady-State Flow under Shallow Unconfined Conditions 

Steady-state flow occurs tier pumping has continued at a constant rate for some time 

when the drawdown stabilizes and reaches a dynamic equilibrium. The Jacob distance- 

drawdown method was used with the data collected after 72 hours (4,320 minutes) of 

pumping. This assumes that the drawdown had stabii at that time. Figure 4-l 

presents the drawdown as a function of the log of distance from the pumping well in the 

suticial unit. A least-squares linear regression was run through the data points from wells 

screened in the surficial unit. The transmissivity and storativity can be determined from 

the graph and the following equations for use with consistent units (Jacob, ,195O): 

T = (2.3 Q) / (2 n; As) 

and 

S = (2.25 T t) / r,,2 

For nonconsistent units where T is in e/day and Q is in gpm, the equations are: 

T=(70Q)/ As 

and 

S = (T t) / (640 ro2) 
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The discharge rate, Q, was 5 gpm (0.668 fi3/min). The term As is the amount of drawdown 

in one cycle of log distance (1.13 feet). The regression line was extended to the x-axis so that 

the x-intercept (To) could be determined. The value of r, was determined to be 350 feet from 

SRW-1. The value of time, t, at which the drawdowns in each well were plotted was 4,320 

minutes. 

The value of T from this method is 3 10 fI?/day which corresponds to a permeability, (I< = T/b) 

of 1.03 fVday (with an aquifer thickness, b, of 300 feet -- no confining units were present at 

Site 82). The calculated value of storativity, S, was 0.017 (unitless). 

4.2 Shallow Recoverv Phase Data Evaluation 

The analytical equation and the graphs used in the straight-line Theis Recovery evaluation of 

shallow pumping test data are presented in Attachment G. The values of permeability from 

the straight-line adaptation of the Theis method (Theis, 1935) had an average of 2.54 ft/day 

(with a standard deviation of 1.13 ft/day). These values are somewhat higher than those from 

the unsteady and steady drawdown methods. No estimation of storativity is possible ,with this 

method. 

4.3 Deer, Drawdown Phase Data Evaluation 

The unsteady drawdown evaluation of the deep data was performed using three equations: 

the Neuman method (Neuman, 1974), the Cooper-Jacob straight-line method correeed for 

unconfined drawdown (Cooper & Jacob, 1946; Kruseman & DeRidder, 1990) and the Theis 

curve-matching method corrected for unconfined drawdown (Theis, 1935; Kruseman & 

DeRidder, 1990). These three methods for analyzing unsteady flow to a well were performed 

within AqTeSolv. The steady-state pumping evaluation of the deep pumping data was 

performed using Jacob’s distance-drawdown relationship using a spreadsheet to generate a 

least-squares regression line through the data (Jacob, 1950). The deep recovery data were 

17 



analyzed using the Theis method for recovery (Theis, 1935) also within AqTeSolv. 

4.3.1 Unsteady Flow under Deep Unconfined Conditions 

Many times in an unconfined pumping test, the effect of delayed gravity yield will be seen in 

the graph of drawdown versus time. This happens at some time into the test where the rate 

of drawdown apparently decreases, after which the drawdown rate increases again. This 

happens as the flow to the well from the formation changes fi-om mostly horizontal to mostly 

vertical. After a while the flow again becomes mostly horizontal and the effect disappears. 

The Neuman method of graphical analysis takes this effect into account. Although this effect 

was not seen in all the wells at Site 82, in some wells it is suspected to have occurred to a 

slight degree. 

Attachment H contains the analytical solution and the resulting graphs of the Neuman curve- 

matching procedure for the drawdown portion of the deep continuous-rate aquifer test. 

Using AqTeSolv, the graphed data were matched to curves generated by Neuman’s method 

of analysis of drawdown in partially penetrating observation wells in unconfined aquifers 

(Neuman, 1974). As shown on these graphs, enough data points were generated to define 

the later portions (right side) of the curves. 

The first column of hydraulic conductivity values in Table 4-2 was generated using Neuman’s 

method for evaluating unconfined aquifers. The average value of horizontal hlydraulic 

conductivity from Neuman’s method is 5.01 May (with a standard deviation of 1.75 ft/day). 

The average vertical hydraulic conductivity computed from this method is 1.71 fVday (with 

a standard deviation of 1.33 ft./day). 

The Neuman method is the only method to estimate a value for specific yield. Specific yield 

refers to the amount ofwater yielded to gravity drainage (as opposed to specific retention -- 

that which is retained under gravity drainage) and is expressed in a decimal form typically 

18 



ranging from 0.01 to 0.5, similar to porosity. The average specific yield calculated with 

Neuman’s method was 0.025 (with a standard deviation of 0.033). 

Attachment I contains the analytical solution and the resulting graphs of the Cooper-Jacob 

straight line procedure for the drawdown portion of the deep continuous-rate aquifer test. 

The Cooper-Jacob straight-line method (adjusted for unconfined conditions) yielded an 

average permeability of 5.18 A/day (with a standard deviation of 1.78 ft./day). The: average 

storativity was 0.008 (with a standard deviation of 0.005). 

Attachment J contains the analytical solution and the resulting graphs of the Theis curve- 

matching procedure for the drawdown portion of the deep continuous-rate aquifer test. The 

Theis method (adjusted for unconfined conditions) yielded an average permeability of 4.3 1 

ft/day (with a standard deviation of 0.81 ft/day). The average storativity was 0.010 (with a 

standard deviation of 0.007). 

4.3.2 Steady-State Flow under Deep Unconfined Conditions 

Figure 4-2 presents the Jacob method of distance-drawdown analysis of steady-state flow. 

The data graphed are drawdown values after 72 hours (4,320 minutes) of pumping. The 

assumption is that drawdown had stabilized after this time. The wells screened in similar 

depth intervals as DRW-1 are the wells through which the least-squares regression line was 

drawn (6GW-lD, DP-1, DP-2 and 6GW-15D). The other wells were either much deeper 

(6GW-1DA and 6GW-1DB) or were much shallower (SRW-1 and SP-1) than the interval 

pumped by DRW-1. 

The analytical equations are the same for this analysis as for the shallow test (discussed 

above). For nonconsistent units where T is in fi2/day and Q is in gpm, the equation is: 
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T=(70Q)/ As 

and 

S = (T t) / (640 r02) 

The discharge rate, Q, was 26 gpm. The term As is the amount of drawdown in one cycle of ‘. 

log distance (2.27 feet). The regression line was extended to the x-axis so that the x-iiitercept 

(ro) could be determined. The value of r, was determined to be 550 feet from DRW-1. The 

value of time, t, at which the drawdowns in each well were plotted was 4,320 minutes.. 

The value of T from this method is 802 fI%ay which corresponds to a permeability, (K = T/b) 

of 2.67 May (with an aquifer thickness, b, of 300 feet -- no confining units were present at 

Site 82). The calculated value of storativity, S, was 0.018 (unitless). 

4.4 Deep Recovery Phase Data Evaluation 

The analytical equation and the graphs used in the straight-line Theis Recovery evaluation of 

deep pumping test data are presented in Attachment K. The values of permeability from the 

straight-line adaptation of the Theis method (Theis, 1935) had an average of 7.35 ft./day (with 

a standard deviation of 5.65 ft/day). No estimation of storativity is possible with this method. 

The value for DP-1 is suspect because its graph (shown in Attachment K) shows two distinct 

slopes, both of which have very high permeabiities relative to the recharge values of K in 

other wells. However, even if it is eliminated from consideration, the average permeability 

by all methods changes Corn 4.97 ft./day to 4.50 ft/day. The reason for the suspect value may 

be due to the construction of the piezometer itselfl, however, the construction cannot be 

checked because no detailed construction logs were generated by OHM for the wells and 

piezometers that they installed. 

4.5 Conclusion 
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The average horizontal permeability of the surificial unit in the vicinity of SRW-1 is 1.68 

ft/day and its average storativity is 0.009. 

The average horizontal permeability of the Castle Hayne in the vicinity of DRW-1 is 4.90 

fi/day and its average storativity is 0.015. 

I-- 
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TABLES 



Well 

Cooper-Jacob Theis Jacob Theis 
Unconfined Unconfined Distance - Drawdown Recovery 

Horizontal Horizontal Horizontal Horizontal 
Permeability Storativity Permeability Storativity Permeability Storativity Permeability 

W(W) (unitless) WcW) (unitless) (ft/dw) (unitless) (ft/dw) 

SRW-1 NA NA NA NA NA NA 1.47 
SP-2 0.62 0.002 0.55 0.003 NA NA 1.57 
SP-1 1.10 0.005 0.92 0.007 NA NA 1.91 
6GW-34 2.54 0.001 2.40 0.001 NA NA 2.58 
SP-3 3.91 0.002 2.81 0.006 NA NA 4.11 
DRW-1 0.69 0.010 0.25 0.011 NA NA NA 
6GW-1 s NA NA NA NA NA NA NA 
6GW-33 NA NA NA NA NA NA NA 

TABLE 4-1 
MCB CAMP LEJEUNE -- SITE 82 SHALLOW PUMPING TEST DATA EVALUATION 

February 25-29,1996 

Minimum (*) 0.62 0.001 0.25 0.001 NA NA 1.57 
Maximum (*> 3.91 0.010 2.81 0.011 NA NA 4.11 

Average (*) 
(by method) 
Standard 
Deviation 

1.77 

1.42 

0.004 1.39 0.006 1.03 0.017 2.54 1.68 0.009 

0.003 1.15 0.004 NA NA 1.13 0.65 0.007 

AVERAGE 
OF ALL 

METHODS 

Horizontal 
Permeability Storativity 

(ftldw) (unitless) 



Well 

DRW-1 
6GW-1 DB 
GGW-1 DA 
GGW-1 D 
6GW-1 S 
DP-2 
DP-1 
SP-2 
SRW-1 
6GW-15D 

Minimum (*) 
Maximum (̂ ) 

Average (*) 
(by method) 

Standard 
Devfation 

TABLE 4-2 
MCB CAMP LEJEUNE - SITE 82 DEEP PUMPING TEST DATA EVALUATION 

February 18-24,1996 

Neuman Cooper-Jacob 
Unconfined Unconfined 

fheis 
Unconfined 

Jacob Theis 
Distance - Drawdown Recovery 

Horizontal specific Vertical Horizontal Horizontal Horizontal Horizontal 
Permeability Yield Permeability Permeability Storativity Permeability Storativity Permeability Storativity Permeability 

WW (unitless) Way) WW (unitless) Way) (unitless) WW (unitless) Way) 

NA NA 
NA NA 
NA NA 

7.16 0.001 
NA NA 

3.40 / 0.019 
5.68 0.006 

NA NA 
NA NA 

3.78 0.072 

NA 
NA 
NA 
1.2 
NA 
2.0 
3.4 
NA 
NA 
0.2 

NA 
NA 
NA 

4.46 
NA 

3.23 
5.62 

NA 
NA 

7.41 

NA 
NA 
NA 

0.001 
NA 

0.012 
0.008 

NA 
NA 

0.011 

NA NA 
NA NA 
NA NA 

4.11 0.001 
NA NA 

3.35 0.014 
5.29 0.010 

NA NA 
NA NA 

4.48 0.017 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 
NA 
NA 1 
NA 
NA 
NA 

3.09 

Ii:: 
5.47 

NA 
3.50 

16.88 
NA 
NA 

7.80 

3.40 0.001 0.22 3.23 0.001 3.35 0.001 NA 3.50 
7.16 0.072 3.38 7.41 0.012 5.29 0.017 NA 16.88 

5.01 0.025 1.71 5.18 0.008 4.31 0.010 2.67 0.018 7.35 

1.75 0.033 1.33 1.78 0.005 0.81 0.007 NA NA 5.65 1.69 0.007 

* NOTE: Shallow observation points were not evaluated due to interference by recharge from precipitation. 
Also, wells 6GW-1 DA and BGW-1 DB were not evaluated due to vertical distance to pumping well >> horizontal distance. 

AVERAGE 
OF ALL 

METHODS 

Horizontal 
Permeability Storativity 

WW (unittess) 

4.99 0.015 
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1.0 INTRODUCTION 

The following aquifer testing program is presented in outline or macro format to allow for field 
modification as necessary to meet varying conditions. The general parameters presented herein 
are a result of meetings and discussions with Baker Environmental, LANTDIV, and OHM 
technical personnel. We anticipate conducting this test program immediately following the 
Christmas holidays, i.e., commencing the first week of January 1996. The new piezometer 
installation will occur prior to Christmas 1995. 

. :  I  
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2.0 MONITORING WELL SAMPLING 

In order to properly evaluate the effectiveness of the treatment system, it is recommended that a 
complete round of monitoring well sampling be conducted prior to the aquifer test. This 
timing will allow for “baseline“ sampling, i.e., prior to any activities which could influence 
static conditions in the aquifer. 

2.1 INITIAL SAMPLING 

In consultation with Baker Environmental, we have jointly developed the following lists of 
monitoring wells which are proposed to be sampled. Subsequent sampling events to be 
conducted to measure the effectiveness of the treatment system will involved fewer wells as 
indicated below. 

Shallow Wells 
6GW 1s 
6GW33 
6GW34 
82MW3 
6 GW 28s 

SRW-1 
6GW32 

82MW2 
82MW 1 
82MW30 
6 MW 3s 
6GW3 
6GW26 
6 GW 30s 
6GW2S 

Deep Wells 
6GW 1D 
6 GW 1DA 
6 GW 1DB 
6 GW 27D 
6 GW 27DA 
6 GW 28D 
DRW-1 
6 GW 40DW 
6 GW 40DWA 

6 GW 38D 
6 GW 15D 
6 GW 30D 
6 GW 37D 
6MW3D 
6GW2D 

Analytical testing to be performed on the groundwater samples will include EPA Method 802 1 
or 60 l/602 for volatile organic compounds (VOCs) and EPA Methods 60 10/7060/74.2 l/1470 
or 200.7/2062/239.2/245.1 for target analyte metals (total). Results will be compared against 
the remediation goals set in the Record of Decision and indicated in the following table. 
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Remediation Goals for OU No. 2 - Groundwater Remediation 
Contaminant of Concern 

1 ’ Dwhloroethane I-- 
Trans-1,ZDichloroethene 
Ethylbenzene 
Tetrachloroethene 
Trichloroetbene 
Vinyl chlori& 

Arsenic 
Bal-illnl 
Beryllium 
chromium 
Lead 
Manganese 
Mercury 
Vanadium 

orth Carohna Water Quality Standar 

Remediation Goal 

0 “8 
;‘o 

29 
a.7 
2.8 

0.015 
50 

l.fJOO 
4 
50 
15 
50 
1.1 
80 

Unit 

UglL 
UgR. 

UgR. 
Ugn 
U& 
Ugn 
Ugn 

Ug/L 
Ugn 
Ugn 
UgR. 
Ug/L 
U& 
Ugn 

Basis 

‘KWQS 
kWQS 
NCWQS 
NCWQS 
NCWQS 
NCWQS 

NCWQS 
NCWQS 

MCL 
NCWQS 

MCL 
NCWQS 
NCWQS 

Heal& Advisory 

MCL = Maximum Contaminant Level 

2.2 GROUNDWATER SAMPLE COLLECTION 

The monitoring wells will be sampled via low-flow methods. Low-flow is defined as a flow 
rate similar to the ambient flow rate in the screened formation. 

A peristaltic pump will be used to purge the wells and collect the samples. VOC loss through 
suction degassing is expected to be insignificant due to the very slow flow rates to be used. 
The procedure for collecting groundwater samples has been provided by Baker. Further 
details are provided in the amendment to the Field Sampling Plan appended to this document. 

1. The protective casing (for existing wells) will be unlocked, the well cap will be rfemoved, 
and escaping gases will be measured at the well head using a PID or FID. This will 
determine the need for respiratory protection. 

2. me well will be allowed to equilibrate to atmospheric pressure, in the event that a vent 
hole was not installed in the well. 

3. The static water level will be measured. The total depth of the well will not be measured, 
as not to stir up any sediment. The total depth will be obtained from boring logs. The 
water volume in the well will then be calculated. 

4. The sampling device intake (virgin, l/4 inch ID Teflon tubing) will be slowly lowered 
until the bottom end is 2 to 3 feet below the top of water. Based on historical water 
levels, this depth will be a point within the screened interval. Next, the water level probe 
will be placed into the well, just below the surface of the water. 
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5. Purging will then begin. The discharge rate will be measured using a stopwatch and 
calibrated container. The flow rate will be adjusted to ambient flow conditions (i.e., no 
drawdown is observed in the well). Flow rates of less than 1 liter per minute (L/min) are 
expected. 

6. The Water Quality Parameters (WQPs), including dissolved oxygen, turbidity, 
temperature, pH, and specific conductance will be measured frequently (e.g., every 2 
minutes). 

7. Purging will be complete when three successive WQP readings have stabilized within 10 
percent, or there is no further discemable upward or downward trend. Low values, 
certain WQPs (such as turbidity and dissolved oxygen) may vary by more than 10 
percent, but have reached a stable plateau. 

8. Upon WQP stabilization, groundwater samples will be collected. Samples for VOC 
analysis will be collected first, followed by total metals. Sample bottles will be labeled 
prior to sample collection. 

9. Replace the Teflon and silicon pump tubing between wells, 

10. The sample jars will be stored in a cooler with ice until laboratory shipment. Samples 
must be shipped within 24 hours of collection. 

2.3 QUALITY CONTROL/QUALITY ASSURANCE PROGRAM 

Three types of field quality assurance/quality control samples will be submitted to the 
laboratory: trip blanks, field blanks, and field duplicates. Since dedicated tubing is used for 
each well, no equipment rinsates will be required. The results from the field quality control 
samples will be used to determine the overall quality of the data 

2.4 QUARTERLY SAMPLING 

Monitoring wells recommended to be sampled on a quarter basis to measure effectiveness of 
the treatment system include the following: 

Shallow Wells 
6GW15 
6GW33 
6GW34 
82GW3 
6 GW 28s 

Deep Wells 
6GW 1D 
6 GW 1DA 
6 GW 1DB 
6 GW 27D 
6 GW 27DA 
6 GW 4ODW 
6GW4ODWA 
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3.0 PIEZOMETER INSTALLATION 

To properly measure the hydrogeologic properties of the aquifer, it has been deemed necessary 
to install piezometers which will be monitored during the aquifer test. The locations for these 
new l-inch piezometers are indicated of drawings CD-1OA and CD-10 and are described as 
follows. 

3.1 SHALLOW AQUIFER 

The aquifer test of the shallow aquifer will be conducted through well SRW-1. Thre:e new l- 
inch piezometers designated SP-1, SP-2, and SP-3 will be installed 20 feet north, 10 feet 
south, and 100 feet east of well SRW-1. Depth of the piezometers and locations of well 
screens will mirror SRW-1. 

3.2 DEEP AQUIFER 

The aquifer test of the deep aquifer will be conducted through well DRW-1. Two new l-inch 
piezometers designated DP-1 and DP-2 will be installed 200 feet west of DRW-1 and. midway 
between DRW-1 and 6 GW 15D. Depth of the piezometers and locations of the we:ll screen 
will mirror DRW-1. 

OHM Project 16032APTWP Aquifer Pump Test Action Wok Plan 

3-1 
January 1996 



4.0 AQUIFER TEST 

The aquifer test program for both the shallow and the deep aquifer testing will include three 
phases. The initial phase will be a stepped drawdown test. The second phase will be a 72- 
hour pumping test. The final phase will be a recovery test. 

4.1 SHALLOW AQUIFER TEST 

As indicated earlier, the pumping well for the shallow aquifer test will be SRW-1. Wells to be 
monitored during the test are SRW-1, SP-1, SP-2, SP-3,6 GW 34, 6 GW 33,6 GW lS, and 
DRW-1. For ease of identification, each of these wells has been italicized on the attached 
drawings. A Hermit datalogger with 16 port capacity will be used to continuously monitor the 
water levels in each of the eight wells. Produced fluids will be piped to the new groundwater 
treatment plant for treatment and subsequent discharge into Wallace Greek. 

4.2 DEEP AQUIFER TEST 

As indicated earlier, the pumping well for the deep aquifer test will be DRW-1. Wells to be 
monitored during the test are DRW-1, DP-1, DP-2,6 GW 15D, 6 GW 38D, 6 GW lS, 6 GW 
lD, 6 GW lDA, 6 GW lDB, SRW-1, and SP-2. For ease of identification, each of these 
wells has been italicized on the attached drawings. A Hermit datalogger with 16 port capacity 
will be used to continuously monitor the water levels in each of the 11 wells. Produced fluids 
will be piped to the new groundwater treatment plant for treatment and subsequent discharge 
into Wallace Creek. 

4.3 DETAILED DESIGN 

The purpose of aquifer test to be performed at Site 82, MCB Camp Lejeune is to colIect data on 
the reaction of the aquifer(s) in various observation wells in response to pumping from shallow 
and deep recovery wells. This data will be analyzed by Baker Environmental. 

Prior to the aquifer tests, groundwater samples will be collected from the monitoring and 
recovery wells at the site. These will be analyzed to identify the spatial distribution and 
concentration gradients of dissolved contaminants. The procedures for this baseline sampling 
are described in the Field Sampling Plan, which is attached to this document as Appendix A. 

This detailed design outlines the specific equipment, procedures, and data interpretation to be 
performed during the testing of the shallow and deep aquifers. Wherever possible, the 
equipment, flow rates and durations are identified quantitatively. Because no previous pumping 
tests have been performed at the site, the test parameters are based on inferences from ravailable 
information. Given the complex and heterogenous nature of aquifers, initial field results may 
indicate that some modification of these parameters is necessary during testing. 
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4.3.1 Equipment 
A) Pumps. Flow Meters. Fiow Rate Controls 

I) General: The two pumping wells (DRW-1 and SRW-1) will be supplied with electric 
pumps, flow meters covering the full range of expected flow rates, and valves for 
adjusting the flow rates. The power source is the base electrical network. Ail of this 
equipment will be installed, wired, tested and operational prior to the aquifer tests. 

2) Shallow aquifer: The pump is a Grundfos Model 5S, with operational flow rates ranging 
from 1.2 to 7 gallons per minute (gpm). 

3) Deep aquifer: The pump is a Grundfos Model 80s. with operational flow rates ranging 
from 48 to 110 gpm. 

B) Data Logger, Pressure Transducers, Cables, and Lap Top Computer 
1) Data Logger: Because a maximum of 11 wells (including the pumping well) will be 

monitored at any one time, a Hermit Model SE2000 with 16 channels will be elmployed. 
During the tests, the data logger will be located in the well house of the pumping well. 

2) The choice of pressure transducers is determined by the presence or absence of 
contaminants, the range of pressures expected, and the diameter of the wells. 
a) Because contaminants are expected to be present in at least some of the wells, the 

transducer will be supplied with teflon sheathes rather than polyurethane sheathes. 
b) Each transducer will be either a standard range or special range model. The special 

range will be required in the pumping wells. The standard range will be adequate for 
the majority of the monitoring wells. 

c) A standard pressure transducer has an outside diameter of an inch. The piezometers 
which are used for monitoring will require be specialized transducers with reduced 
outside diameters. 

3) Cables: The pressure transducers come with cable assemblies ranging from 150 feet to 
500 feet in length. Additional connectors approximately 350 feet long each are available 
for those wells which are further from the data logger. 

4) Lap top computer: During testing, data will be downloaded at least once every 24 hours 
from the data logger. For this purpose, an IBM compatible Model 486 (or equivalent) 
will be utilized. The specific software program for downloading the data will be supplied 
with the data logger. 

C) Wells: In order to properly interpret the test data from pumping and observation wells, 
several details of well construction will be utilized. These are: 
1) Total depth 
2) Screened interval 
3) Well diameter and slot size 
4) Annular space diameter 
5) Method of completion 
6) Elevation of top of filter pack, bentonite seal and grout 
7) Surveyed elevation of top of casing 
8) Elevation of upper and lower boundaries of the aquifer being monitored 
9) (in pumping wells) The depth at which the pump is installed 

10) The length of the pump. 
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D) Miscellaneous 
1) Rain gauge: Recharge during the test period can affect aquifer test results. To quantify 

this effect, a rain gauge will be mounted outside the well house of the pumping well 
during each test to measure precipitation. 

2) Barometric pressure gauge: Fluctuations in atmospheric pressure can also affect aquifer 
test results. To quantify this effect, a barometric pressure gauge will be mounte:d outside 
the well house of the pumping well during each test to measure changes in atmospheric 
pressure. 

3) Water level indicator: This instrument will be used to confirm the proper funci;ioning of 
the pressure transducers and to measure water levels in the distant well selected for 
observation of regional trends (see II-A-5 below). 

4) Water treatment and disposal: The tests are being performed in portions of the aquifers 
where organic contaminants have been reported. A water treatment system is under 
construction and will be operational before the aquifer tests are performed. All effluent 
from the tests will be piped to this system for treatment, followed by discharge to Wallace 
Creek. 

4.3.2 Field Procedures 
A) General Procedures 

1) Baseline: For all aquifer tests, a baseline measurement of conditions will be collected just 
prior to beginning the test. 

2) Recovery: For all aquifer tests, the aquifer will be allowed to recover following the 
completion of the test. The recovery period will be a maximum of 24 hours for this test, 

3) Precipitation: The rain gauge will be observed and amount of precipitation (if any) 
recorded once every 24 hours. If heavy rainfall events take place during testing, this 
frequency will be increased to once every 6 hours. 

4) Atmospheric pressure: The barometric pressure gauge will be observed once every hour. 
Any changes in atmospheric pressure will be recorded. 

5) Regional trend: changes in the elevation of the aquifer’s potentiometric surface may 
occur due to natural causes during the tests. Therefore, for each test a well will be 
selected which is distant enough from the pumping well that no pumping iinfluence 

.would reasonably be expected to occur. During the test this well will be periodically 
monitored with a water level indicator to quantify any regional trends. 

6) Potential interference from the active soil vapor extraction (SVE) system: The: shallow 
aquifer test is taking place adjacent to and in the zone of influence of an active SVE 
system. The operation of this system could have unpredictable effects upon the results of 
the tests. Therefore, the SVE system will need to be shut down while the tests are being 
run and for a week before the tests begin (to allow for equilibration to static conditions). 

B) Step drawdown tests 
1) Goal: The goal of the step drawdown tests is to determine that maximum sustainable 

pumping rate in each pumping well which will maintain the maximum sustainable 
drawdown during the continuous aquifer test. The maximum sustainable drawdown is 
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the depth to the pump inlet minus a safety factor to ensure that the pump remains 
sufficiently submerged for proper operation. 

2) General procedures: For each pumpin, 0 rate. the drawdown in the pumping we11 is 
monitored until it approaches equilibrium closely enough for steady state conditions to 
be inferred. The time required to achieve this condition is dependent on both aquifer 
and well parameters, and cannot be predicted with precision in advance. Based on 
available information, it is expected that 1 to 2 hours will be sufficient for each pumping 
rate in each well at this site. 

3) Deep aquifer: As described above, a Gnmdfos Model SOS pump will be used for the tests 
in DRW-1. This pump has a operational range from 48 to 110 gpm. Given the flow 
rates expected from the deep aquifer, it is anticipated that the step drawdown intervals will 
be 50, 70, 90 and 110 gpm. Prior to the step drawdown test, the pressure data recording 
equipment will be installed. During the step drawdown test this equipment will be 
operated and monitored to ensure it is performing properly prior to the continuous test. 

4) Shallow aquifer: As described above, a Grundfos Model 5s pump will be used for the 
tests in SRW-1. This pump has an operational range from 1.7 to 7 gpm. Given the flow 
rates expected from the shallow aquifer, it is anticipated that the step drawdown intervals 
will be 2, 3, 4 and 5 gpm. Prior to the step drawdown test, the pressure data recording 
equipment will be installed. During the step drawdown test this equipment will be 
operated and monitored to ensure it is performing properly prior to the continuous test. 

C) Continuous aquifer tests 
1) Goal: The goal of the continuous aquifer tests is to determine aquifer parameters so that 

the optimal location(s) and construction details can be specified for additional recovery 
wells to capture contaminated groundwater. 

2) Deep aquifer: The test will be run continuously for a period of 72 hours at the maximum 
sustainable pumping rate as determined by the step drawdown test. The observation wells 
will be DRW-1, DP-1, DP-2, 6 GW 15D, 6 GW 38D, 6 GW IS, 6 GW lD, 6 GW lDA, 6 
GW lDB, SRW-1 and SP-2. The regional trend observation well will be 6 GW39D. In 
addition to continuous recording by the data logger, manual readings will be taken from 
select wells with a water level indicator to confinn proper operation of the data collection 
equipment. The intervals for these readings will be as follows: 
a) First 10 minutes of the test: every 2 minutes 
b) Next 30 minutes of the test: every 5 minutes 
c) For the remainder of the test: every 10 minutes, or as deemed appropriate by the 

senior hydrogeologist on site. 
3) Shallow aquifer: The test will be run continuously for a period of 72 hours at the 

maximum sustainable pumping rate as determined by the step drawdown test. The 
observation wells will be SRW-1, SP-1, SP-2, SP-3, 6 GW 34, 6 GW 33, 6 GW lS, and 
DRW-1. The regional trend observation well will be 6 GW 28s. Manual water level 
readings will be taken on the same schedule as shown above for the deep aquifer test. 
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5.0 REPORT OF FIiVLWVGS 

During the aquifer testing period, a Senior Hydrogeologist will be onsite to provide overall 
direction and guidance to the hydrogeologists performin, u the test. This individual will be 
evaluating the data on a daily basis to be in a position to make recommendations on future weLl 
placement locations as soon as practicable. It is recommended and encouraged that Baker 
Environmental, as designer of record, and LANTDIV, as owner, have representatives 
available onsite during the aquifer test program to provide input and concurrence with the 
recommendations of our Senior Hydrogeologist. * . . 

5.1 DATA INTERPRETATION 

Preliminary examination of the data for indications of aquifer properties will occur daily during 
the field testing. The data which is downloaded from the data logger into the laptop computer 
will be copied on disks which will be made available to LANTDIV and Baker Environmental. 
Upon completion of the field tests, Baker will perform a detailed analysis of the data, 

5.2 RECOMMENDATIONS 

Baker Environmental will present the data interpretation and make recommendations regarding 
alternations to the groundwater recovery system design. OHM will review the intexpretation 
and recommendations to the extent directed by LANTDIV. 
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1.0 INTRODUCTION 

Baseline sampling will be performed before the aquifer test to determine levels of target 
compounds in the groundwater along with other specific analytical tests that will be required 
for monitoring water quality. In addition water levels will be required on all wells for aquifer 
test background. Approximately 15 shallow and 15 deep well will be sampled. Carl Pampel 
(Project Chemist) will be on-site for the first week of the sampling effort to assist in training of 
personnel and trouble shooting any technical difficulties that arise. 
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2.0 DATA QUALITY OBJECTIVES 

Specific remediation goals for OU No. 2 groundwater have been determined. Analytical 
methodology has been selected that will meet or surpass ail remediation goal detection level for 
the final cleanup except for vinyl chloride. The detection goals for vinyl chloride are below ail 
EPA analytical methodology and the best available detection limits will be employed. Table 2.1 
summarizes the remediation goals and the additional water quality analysis for the project. Data 
quality parameter goals are: 50% RPD for field collocated duplicates, 20-150s recovery for 
MS/MSDs with 50% RPD, 30-150% LCS recovery, and 90% data completeness. 
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Table 2.1 Remediation Goals and Water Quality Parameters 

Contaminant of Method 
Concern Number 

1,2-Dichloroethane 8021 

Trans-1,ZDichloroethene 8021 

Remediation Goal 
ugll 

0.38 

70 

1 Ethvlbenzene I 8021 I 29 I 2 I 
I Tetrachloroethene I 8021 I 0.7 I 0.4 ~1 

Trichloroethene 8021 2.8 

Vinyl Chloride 8021 0.015 

Arsenic 

Barium 

I  

I 
7060 50 

6010 1000 

I Bervllium I 6010 I 4 I 2 I 

I chlmniLlrn I 6010 I 50 I ‘15 I 

Lead 7421 15 5 

Manganese 6010 50 ‘15 

Mercurv 7470 1.1 0.2 

I Vanadium I 6010 I 80 I 120 I 

I Dissolved wgen (field 
I 

SM-4500-0 G (or 
I 

NA 
I 

WA 
test) equivalent) I 

1 pH (field test) I 9040 I NA I WA I 
1 BOD (5 day) 

Turbidity 

Alkalinitv 

180.1 NA 

305.1 NA 

I Hardness I 130.2 I NA I NA I 
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3.0 WELL LEVEL DETERMINATION AND 
GROUNDWATER SAMPLE COLLECTION 

Also refer to section 2.2 of the Work Plan. 

Upon arriving at Site 82, the location of all wells to be sampled will be determined. As each is 
located, its pressure cap will be removed to allow equilibration. As soon as all wells are 
located, each will be gauged to determine the depth to water from top of casing (to the nearest 
l/l00 of a foot) using a water level indicator. This depth plus the date and time of gauging will 
be recorded. 

The data will be used to determine the volume of water in the well casing. With the exception 
of the first well gauged, the pressure cap will be reinserted as soon .as gauging is complete. At 
the conclusion of the survey the first well measured will be gauged and recorded again. This 
will allow any regional trends to be observed and appropriate corrections made. The first well 
will then be recapped. 

The wells wilI be purged and sampled using low flow methods. A peristaltic pump with Teflon 
tubing will be used to purge and collect the required samples. After wells are gauged tlhey will 
be purged using the peristaltic pumps at a flow that will not cause draw down of the well water 
level. It is expected that the flow rates will be less than 1 liter per minute. The pH and DO 
readings will be monitored and the well purged until stable readings are obtained. At least one 
well volume wilI be purged. After the well has been purged and the purge water collected the 
metals sample bottle wilI filled through the pump. COD, BOD, pH, Turbidity, alkalinity, 
hardness, and dissolved oxygen (DO) wiIl be sampled through the pump into the appropriate 
container. DO and pH measurements will be conducted in the field following the 
instrumentation methods. The tubing before the pump will be capped with a finger to trap the 
water in the tubing. The tubing will be slowly pulled from the well and the water drained into 
the two VOA containers. All sample containers will already contain the correct preservatives. 
New Teflon and pump tubing will be used at each well. 

All wells will require the metals and volatile analysis. Wells 6GW33, SRW-1,82MW’30, 
6GW27D, DRW-1 and 6GW15D will require DO, pH, BOD, COD, turbidity, alkalinity and 
hardness in addition to the metals and volatiles. A listing of the sha.lIow and deep wells can be 
found in section 2.1 of the Work Plan. 

Table 3.1 summarizes the estimated required sample bottles and preservatives along with 
holding times for each method. Some analysis can be combined into the same containers. 
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Table 3.1 Analytical Summary 

Analysis Method 
Numder 

Preservatives Containers Holding Times 

vocs 8021 HCL<2/Cool4 C 2ea4Oml 14 days 
VOA vials 

Metals 
Hardness 

Alkalinity 

6010/7000 Nitrica 

310.1 coo14c 

6 months (Hg 28 days) 

14 days 

COD 410.4 

PH 9040 

Turbidity 180.1 

BOD 405.1 

sulfuric~/cool4 c 

Cool4C 

coo14c 

coo14c 

lea 5OOml 
plastic 

lea5OOml 
plastic 

lea 25oml 
plastic 

lea 250ml 
plastic 

lea 5OOml 
plastic 

lea 1 liter 
plastic 

28 days 

Immed. 

48 hours 

48 hours 
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4.0 QA/QC SAMPLES 

NFESC level C data reporting will be required for this project. One field blank will be required 
for each water source that is used in equipment deacon if needed. Rinsate blanks will not be 
required since the sampling equipment is not cleaned between sample points and new rnaterials 
are used. Field collocated duplicates will be required at 10% to meet level C reporting. Trip 
blanks will accompany each cooler that contains volatile analysis. This blank will be sent from 
the laboratory and returned with the samples back to the laboratory and analyzed for volatiles 
only. 
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5.0 SAMPLE IDENTIFICATION 

All wells are already numbered. This n&ber with the date sampled will become the sample 
designation. Field duplicates will be dented with a D at the end of the sample number. For 
example: 6GW 15010496 for the sample and 6GW15010496D for the duplicate. 
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January 6, 1996 

Cheryl Hansen/ROICC 
Naval Facilities Engineering Command 
1005 Michael Road 
Camp Lejeune, NC 28540 

Re: Contract N62470-93-D-3032; Delivery Order 0015 
MCB Camp Lejeune, NC 
OHM Project No. 16032 
Aquifer Test Work Plan 

Dear Ms. Hansen: 

Enclosed herewith please find three copies each of the subject document which has been revised 
to reflect comments received from LANTDIV. 

Very truly yours, 
7 . .  

: ; . .  

. ,  

. _ .  

umes A. Dunn, Jr., P.EY 
Senior Project Manager 

/mja 
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pc: Lance Laughmiller - Code 18233 (1) 
Neal Paul - IRD/EMD w/enclosure (2) 
Matt Bartman - Baker Environmental w/enclosure (1) 
Randy Smith - OHM w/enclosure (5) 
Patrick Watters - NCDEHNR w/enclosure (1) 
John Franz - OHM w/enclosure (1) 
Jerry Haste - NAVFACENGCOM - w/enclosure (1) 
Gena Townsend - EPA Region IV - w/enclosure (1) 
OHM Project File/16032 w/enclosure (1) 
Dwayne Currie - OHM w/enclosure (1) 
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Attachment C--Recorded Data during the Shallow Continuous-Rate 

Pumpiftg Test 
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CAMP LEJEUNE AQUIFER TEST 
PROJECT NUMBER 16032 WSS 0293001 
SRW-1 (SHALLOW WELL) 72 HOUR PUMPING TEST 
FEBRUARY 25-28.1996 
FLOW RATE: 5 GPM 
DRAWDDWN IN FEET 

MINUTES 
0.W 
0.50 

1.00 
1.50 
2.00 

2.50 
3.Oil 

3.50 
4.00 
4.50 
5.00 
5.50 
6.00 

6.50 
7.00 

X:Z 
8.50 
9.00 
9.50 

10.00 
11.00 
12.00 
13.00 
14.06 
15.09 
20.00 
25.00 
30.00 

35.00 
40.00 
45.06 

&ii 

ZKi 
12OitO 
150.00 

180.06 
210.00 
240.00 
270.00 
300.00 

360.00 
420.00 
480.00 

640.00 
600.06 
660.w 
720-W 
760.00 
840.00 

9oo.w 
960.00 

1020.00 
1080.00 
1140.00 
12OO.W 

1260.00 
1320.00 
1360.00 
1440.00 
166O.w 
1920.w 

2160.00 
2400.00 

2640.00 
2660.00 
3120-W 

336U.W 
3600.00 

.3&4o.w 
4080.00 
4320.00 

ElAPSED 
TIME IN 

SRW-1 SP2 
0.00 0.00 
1.06 0.03 
1.58 0.10 

2.64 0.17 
2.53 0.22 
2.86 0.28 
3.15 0.33 
3.41 0.38 

3.68 0.42 
3.93 0.46 

4.28 0.51 
4.43 0.55 
4.59 0.59 
4.74 0.62 

4.90 0.65 

5.03 0.68 
5.17 0.70 

5.40 0.73 
5.53 0.75 
5.64 0.77 
5.76 0.79 
6.10 0.82 
6.28 0.85 
6.44 0.90 
6.59 0.94 
6.74 0.97 
7.33 1.09 
7.76 1.16 
6.11 1.22 
8.31 1.26 

8.46 129 
8.63 1.32 
8.76 1.35 
8.86 1.37 
8.95 1.38 
9.26 1.46 
9.41 1.51 
9.53 1.55 
9.60 1.57 

9.66 1.59 
9.72 1.61 
9.76 1.62 
9.82 1.63 

9.90 1.65 
9.81 1.67 
9.88 1.69 

9.92 1.70 

9.96 1.72 
10.00 1.73 
10.03 1.73 
10.05 1.74 
10.10 1.74 
10.11 1.74 

10.08 1.74 
10.07 1.73 
10.11 1.74 
10.17 1.75 
10.22 1.77 

10.28 1.78 
10.33 1.81 
10.39 1.01 
10.42 1.82 
10.47 1.63 
10.56 1.87 

10.67 1.92 
10.65 1.66 
10.68 1.96 
10.73 1.91 

9.50 1.63 
9.45 1.83 
9.52 1.85 
9.60 1.88 
9.56 1.86 
9.63 1.92 

SPl 6GW34 SP3 DRW-1 6GWlS 6GW33 

0.01 
-0.01 
0.01 

0.03 
0.04 
0.07 
0.09 
0.10 

0.13 
0.14 

0.16 
0.18 
0.19 
021 

091 
0.23 
0.24 
0.25 
097 
0.28 
0.30 
0.32 
0.34 
0.36 
0.38 
0.39 
0.46 
0.51 
0.56 
0.58 

0.62 
0.64 
0.66 
0.68 
0.69 
0.76 
0.80 
0.84 

0.87 
0.89 
0.91 
0.92 
0.93 

0.95 
0.97 
0.99 

1.00 
1.02 
1.02 
1.03 
1.03 

::: 

1.02 
1.02 
1.02 
1.04 
1.05 
1.07 

::: 

1.11 
1.12 
1.15 
1.20 
1.16 
1.17 
1.19 

1.15 
1.15 
1.17 

1.19 
1.20 
1.23 

0.06 
0.06 
0.06 

::: 
0.13 
0.15 

0.16 
0.18 
0.19 
0.20 
0.21 
0.25 
0.28 
0.31 

0.33 
0.35 
0.37 
0.37 
0.33 

0.39 
0.42 
0.43 

0.44 
0.45 
0.46 
0.47 
0.46 
0.47 

0.48 
0.45 
0.45 
0.45 
0.47 
0.49 
0.50 
0.52 
0.53 

0.54 
0.54 
0.58 
0.62 
0.68 
0.60 
0.61 

0.59 
0.60 
0.61 

0.64 
0.65 
0.66 

-0.00 
0.00 

-0.00 

-0.00 
-0.01 

-0.01 
-0.00 
0.00 

-0.00 
0.00 

0.00 
-0.00 
0.w 
0.00 

0.00 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.02 
0.02 
0.02 
0.03 
0.04 
0.05 
0.06 
0.06 

0.07 
0.07 

0.08 
0.08 
0.10 
0.12 
0.13 

0.14 
0.16 
0.17 
0.17 
0.18 

0.19 
0.20 
0.22 

0.23 
0.25 
025 
0.25 
0.26 
0.27 
0.25 

0.25 
0.25 
0.25 
0.26 
028 

0.29 
0.32 
0.32 
0.33 
0.33 
0.37 

0.42 
0.39 

0.40 
0.41 
0.39 

0.39 
0.40 
0.44 

0.44 
0.48 

-0.W 
-0.00 
-0.01 
-0.01 
-0.01 

-0.01 
-0.01 
-0.01 
-0.01 
-0.01 

-0.01 
-0.00 
-0.00 
-0.01 
-0.01 
4.01 
-0.01 
-0.01 
-0.01 
-0.00 
-0.01 
-0.W 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 

-0.01 
-0.01 
-0.01 
a.01 
-0.01 
4.01 

0.06 
0.00 

-0.01 
-0.03 

2: 
-0.03 
-0.01 

0.01 
0.02 

0.02 

:: 
0.10 
0.04 
0.03 
0.03 

0.02 
0.03 
0.08 
0.03 

0.05 
0.07 



CAMP LEJEUNE AQUIFER TEST 
PROJECT NUMBER 16032 WBS 0293001 
SRW-1 (SHALLOW WELL) 24 HOUR RECOVERY TEST FOLLOWING 72 HOUR PUMPING TE: 
FEBRUARY 2829,1996 
DRAWDOWN IN FEET 

ELAPSED 
TIME IN 

MINUTES 
0 

0.5 
1 

1.5 
2 

2.5 
3 

3.5 
4 

4.5 
5 

5.5 
6 

6.5 
7 

7.5 
8 

6.5 
9 

9.5 
10 
11 
12 
13 
14 
15 
m 
25 
30 
35 
40 
45 
50 
55 
60 
90 

lrn 
150 
180 
210 
240 
270 
300 
360 
420 
480 
540 
600 
660 
720 
780 
840 
900 
960 

1020 
1980 
1140 
1200 
1260 
1320 
1380 
1440 
1686 

1920 

SRW-1 SP2 SPl 6GW34 
9.655 1.931 1.236 0.695 
9.047 1.925 1.242 0.695 
8.395 1.912 1.242 0.688 

7.72 1.893 1.23 0.695 
7.089 1.865 1.23 0.695 

6.493 1.627 1.223 0.701 
5.96 1.786 1.198 0.688 
5.43 1.735 1.186 0.695 

4.963 1.681 1.167 0.695 
4.622 1.637 1.148 0.688 
4.319 1.595 1.129 0.695 
3.902 1.545 1.117 0.682 
3.624 1.5 1.092 0.688 
3.397 1.456 1.079 0.688 
3.195 1.415 1.06 0.682 
3.024 1.383 1.048 0.676 

2.86 1.351 1.041 0.676 
2.699 1.316 1.016 0.669 
2.569 1.291 1.004 0.663 
2.449 1.265 0,991 0.65 
2.297 1.243 0.979 0.663 
2.057 1.199 0.96 0.65 

1.69 1.154 0.935 0.644 
1.748 1.12 0.916 0.644 
1.628 1.088 0.897 0.644 
I.517 1.059 0.884 0.638 
1.157 0.936 0.815 0.606 
0.973 0.85 0.759 0.587 
0.856 0.79 0.721 0.562 
0.777 0.742 0.664 0.543 
0.739 0.71 0.659 0.524 
0.708 0.685 0.633 0.511 
0.679 0.653 0.606 0.492 
0.651 0.628 0.563 0.473 
0.629 0.602 0.558 0.455 
0.572 0.542 0.502 0.423 
0.483 0.472 0.439 0.379 
0.426 0.428 0.395 0.347 
0.385 0.399 0.376 0.334 
0.344 0.364 0.338 0.309 
0.306 0.33 0.307 0.284 
0.287 0.314 0.288 0.278 
0.275 0.307 0.288 0.278 
0.252 0.288 0.276 0.271 
0.249 0.288 0.276 0.278 
0.249 0.285 0.276 0.264 

0.24 0.276 0.269 0,278 
0.237 0.276 0.263 0.278 
0.227 0.266 0.257 0.271 
0.211 0.247 0.238 0.246 
0.196 0.234 0.225 0.227 
0.177 0.215 0.207 0.221 
0.154 0.193 0.182 0.195 
0.135 0.174 0.169 0.183 

0.12 0.158 0.156 0.176 
0.113 0.155 0.15 0.17 
0.113 0.155 0.‘15 0.176 
0.129 0.168 0.163 0.195 
0.132 0.171 0.189 0.202 
0.126 0.165 0.163 0.195 
0.126 0.168 0.163 0.195 

0.11 0.145 0.144 .0.176 
0.075 0.111 0.106 0.139 

0.066 0.104 0.106 0.145 

SP3 DRW-1 6GWl S 
0.492 0.157 
0.488 0.157 
0.495 0.157 
0.492 0.157 
0.492 0.157 
0.492 0.157 
0.501 0.173 
0.498 0.157 
0.495 0.157 
0.495 0.157 
0.488 0.157 
0.495 0.173 
0.488 0.173 
0.492 0.173 
0.485 0.173 
0.488 0.173 
0.488 0.173 
0.485 0.189 
0.482 0.173 
0.479 0.157 
0.476 0.173 
0.482 0.173 
0.479 0.173 
0.479 0.173 
0.479 0.173 
0.476 0.189 

0.46 0.173 
0.447 0.173 
0.434 0.173 
0.425 0.189 
0.415 0.173 
0.412 0.173 
0.396 0.173 
0.387 0.173 
0.377 0.173 
0.371 0.173 
0.349 0.173 

0.33 0.173 
0.33 0.189 

0.311 0.189 
0.288 0.189 
0.285 0.189 
0.288 0.189 
0.282 0.189 
0.29!5 0.189 
0.301 0.205 
0.298 0.221 
0.298 0.221 
0.295 0.236 
0.279 0.236 
0.269 0.236 
0.257 0.252 
0.234 0.236 
0.219 0.252 
0.206 0.252 
0.203 0.252 
0.206 0.252 
0.212 0.252 
0.219 0.252 
0.215 0.268 
0.215 0.268 
0.196 0.268 
0.165 0.268 
0.155 0.252 

0.07 
0.073 
0.073 
0.073 
0.073 
0.073 
0.073 
0.076 
0.079 
0.079 
0,079 
0.082 
0.082 
0.082 
0.079 
0.082 
0.089 
0.086 
0.082 
0.082 
0.086 
0.086 
0.086 
0.082 
0.086 
0.092 
0.089 
0.086 
0.086 
0.079 
0.076 
0.076 

0.07 
0.057 
0.047 

0.07 
0.06 

0.057 
0.066 

0.06 
0.047 
0.054 

0.07 
0.089 
0.105 
0.121 
0.114 
0.124 
0.153 
0.086 
0.051 
0.133 
0.063 
0.102 
0.082 
0.098 
0.089 
0.108 
0.118 
0.111 
0.118 
0.095 
0.076 
0.092 

6GW33 
0.088 
0.088 
0.088 
0.091 
0.085 
0.094 
0.084 
0.097 
0.094 
0.094 
0.094 
0.094 
0.088 
0.091 
0.091 
0.094 
0.094 
0.091 
0.097 
0.085 
0.094 
0.094 
0.094 
0.094 

0.1 
0.1 
0.1 

0.094 
0.094 
0.088 
0.091 
0.091 
0.085 
0.085 
0.078 
0.061 
0.075 
0.075 
0.081 
0.078 
0.072 
0.075 
0.085 
0.091 

0.11 
0.125 
0.129 
0.141 

0.16 
0.129 
0.122 
0.144 
0.103 
0.119 
0.103 

0.11 
0.116 
0.125 
0.144 
0.129 
0.144 
0.132 
0.119 
0.119 
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Attachment D - Recorded Data during the Deep Continuous-Rate 

Pumping Test 



CAMPLEJEUNEAQUIFERTEST 
PRDJEC1NUMEiER16032WBS0293001 
DRW-l(DEEPWELL)72iiClURPUMPlNGTEST 
FEBRUiRY 20-23.1% 

FLOWRATEZ~~GPM 
DRAWDOWNINFEET F4. 

ELAPSED 
TIME IN 

MINUTES DRW-1 6GWlDB 6GWlDA 6GWlD 6GWlS 
0 -0.015 

15.97 
33.646 

46.608 
56.183 

61.81 
64.451 
66.242 
67.201 
67.499 

67.75 
67.986 

68.19 
68.348 

68.52 
68.646 
68.772 
68.882 

0.5 
1 

1.5 
2 

2.5 
3 

3.5 
4 

4.5 
5 

5.5 

6 
6.5 

7 
7.5 

8 

8.5 
9 

9.5 
10 
11 
12 
13 
14 
15 
20 

25 
30 
35 
40 
45 

60 
65 
60 
90 

120 

68.992 

69.055 
69.165 
69.306 
69.416 
69.526 
69.605 
69.652 

69.84 

69.919 
69.982 
69.997 

70.06 
70.076 

70.076 
70.076 

150 
180 

210 
240 
270 
300 

70.029 
69.777 
69.762 

69.746 
69.73 

69.699 
69.683 

69.683 
69.683 
69.683 
69.652 
69.652 

360 
420 

69.636 

69.62 

480 
540 
600 

660 
720 
780 
840 
900 

960 
1020 
1080 
1140 

69.605 
69.573 

69.542 
69.495 
69.479 

69.463 
69.432 

69.4 
69.369 

1200 69.337 

1260 69.306 
1320 69.275 

1380 69.243 
1440 69.212 

1680 69.039 

1920 68.945 
2160 68.662 
2400 68.316 
2640 68.033 

r”4 2880 

3120 
3360 

3600 
3840 

67.64 

67.373 
67.059 

66.933 
66918 

4080 66.949 

4320 66.918 

0.009 
0.009 
0.009 

0.009 
0.009 

0 
0.009 
0.009 

0 
0 
0 
0 

-0.w9 
-0.009 
-0.009 
-0.009 
-0.009 

-0.009 
-0.009 
-0.019 
-0.019 
-0.019 
-0.019 
-0.028 
-0.028 
4.038 
-0.047 

-0.057 
-0.066 
-0.076 
-0.095 
-0.095 

-0.095 
-0.104 
-0.104 
-0.085 
-0.066 

-0.038 
-0.009 

0.028 
0.066 

0.085 
0.114 
0.152 

0.18 
0.228 
0.256 

0.285 
0.313 
0.342 
0.361 

0.38 
0.409 

0.428 
0.447 
0.456 
0.466 

0.475 
0.485 
0.504 

0.523 
0.542 
0.589 
0.608 
0.637 
0.656 
0.665 
0.694 

0.732 
0.751 

0.76 
0.789 

0.789 
0.818 

0.012 
0.012 
0.006 

0.012 
0.012 
0.006 
0.006 
0.006 
0.006 

0 
0 
0 

-0.006 
-0.006 
-0.012 
-0,012 
-0.012 

-0.018 
-0.018 

-0.018 
-0.025 
-0.025 
-0.031 
-0.031 
-0.037 
-0.037 
-0.044 

-0.044 
-0.037 
-0.025 
-0.018 
-0.006 

0.012 
0.025 
0.037 
0.132 
0.189 

0.246 
0.29 

0.335 
0.366 

0.385 
0.411 

0.43 
0.442 

0.48 
0.499 

0.518 
0.537 
0.556 
0.575 
0.594 
0.607 

0.619 
0.638 
0.645 
0.657 

0.67 
0.676 
0.695 

0.708 
0.72 

0.765 
0.777 
0.803 

0.822 
0.828 

0.86 

0.904 
0.916 

0.935 
.0.961 
0.961 

0.988 

0.012 
0.012 
0.019 

0.038 
0.07 

0.121 
0.178 
0.242 
0.312 
0.382 
0.446 
0.609 

0.554 
0.605 
0.649 
0.694 
0.732 

0.77 
0.802 
0.828 
0.853 
0.904 
0.949 
0.981 
1.019 
1.044 
1.165 

1.248 
1.312 
1.363 
1,395 
1.427 

1.458 
1.484 
1.509 
1.605 
1.662 

1.713 
1.739 

1.764 
1.79 

1.802 
1.815 
1.822 
1.834 

1.86 
1.873 

1.879 
1.904 
1.917 

1.93 
l.Q43 

1.955 
1.968 
1.974 
1.981 
1.994 

2.006 
2.013 
2.025 

2.038 
2.057 
2.063 
2.095 
2.115 
2.134 
2.134 
2.172 

2.197 
2.21 

2.236 
2.248 

2.248 
2.267 

0.003 
o.w3 
0.003 

0.003 
0.003 

0 

0.003 
0 
0 
0 

-0.003 
-0.003 
-0.003 
-0.003 
-0.003 

0 
0 

0.003 
0.003 

0 

0.003 
0 

0.003 
0 

-0.w3 
-0.003 
-0.W6 

-0.009 
-0.006 

-0.003 
-0.003 
-0.003 

0 
0.003 

0.006 
0.012 
0.022 
0.034 
0.037 
0.037 
0.025 

0.041 
0.047 
0.041 
0.015 
0.047 
0.044 
0.047 

0.047 
0.056 

0.063 
0.056 
0.063 

0.06 
0.056 
0.053 
0.066 
0.075 

0.075 
0.094 
0.088 
0.107 
0.085 

0.075 
0.097 

0.091 
0.072 
0.123 

0.085 
0.085 

0.11 
0.094 
0.091 

0.12 

DP2 DPl 
0 0.012 

0.006 0.012 
0 0.012 
0 0.012 

0.006 0.012 
0 0.019 

0.006 0.012 

0.006 0.019 
0.006 0.019 
0.006 0.019 
0.006 0.019 
0.006 0.019 

0.006 0.019 

0.006 0.019 

0.006 0.012 
0 0.025 

0.006 0.019 
0.006 0.012 
0.012 0.019 

0.006 0.019 

0.006 0.019 
0.006 0.025 

0.012 0.025 
0.012 0.025 
0.006 0.025 
0.012 0.025 
0.006 0.025 

0.012 0.031 

0.019 0.038 

0.019 0.044 
0.019 0.044 
0.025 0.05 

0.031 0.057 
0.031 0.089 

0.031 0.069 
0.07 0.107 

0.095 0.133 

0.108 0.158 
0.13-I 0.177 
0.153 0.19 
0.172 0.215 

0.191 0.222 
0.216 0.241 
0.255 0.266 
0.287 0.292 
0.325 0.311 
0.357 0.33 

0.389 0.349 

0.421 0.374 
0.453 0.393 

0.484 0.412 
0.516 0.425 
0.542 0.438 

0.567 0.457 

0.593 0.469 

0.612 0.482 

0.638 0.501 
0.657 0.507 

0.676 0.52 
0.695 0.533 

0.714 0.539 
0.733 0.558 
0.797 0.584 

0.848 0.628 
0.874 0.647 

0.906 0.672 
0.925 0.691 

0.95 0.711 

0.976 0.723 

1.008 0.755 

1.02 0.768 

1.04 0.78 

1.052 0.793 
1.071 0.812 

SP2 SRW-1 6GW15D 
0.006 

0.006 
0.009 
0.009 
0.009 

0.003 
0.003 
0.003 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 

0 
0.003 
0.028 
0.044 
0.056 
0.075 
0.088 
0.107 

0.117 
0.132 
0.142 
0.151 

0.158 
0.167 
0.177 

0.183 
0.196 
0.205 
0224 
0.256 
0.256 
0284 

0.306 
0.306 
0.335 
0.354 
0.357 

0.382 
0.401 

0.401 
0.417 

0.009 
0.012 
0.012 

0.009 
0.w9 

0.012 
0.012 
0.009 
0.012 
0.015 
0.015 
0.022 
0.019 
0.015 
0.015 
0.019 

0.015 
0.015 
0.006 

0.006 
0.006 
0.003 
0.003 

0.003 
0 

0.003 
0.003 
0.003 

0 
0.009 
0.009 
0.015 
0.015 
0.015 
0.009 
0.006 
0.015 

0.012 
-0.012 

0.006 
0.009 
0.012 
0.012 
0.022 
0.025 

0.022 
0.028 
0.025 
0.025 
0.019 

0.028 
0.041 
0.044 
0.066 

0.066 
0.089 
0.073 
0.038 
0.076 

0.073 
0.051 

0.098 
0.063 
0.041 

0.082 
0.076 

0.063 
0.105 

0.015 
0.015 
0.009 

0.012 
0.015 

0.006 
0.012 
0.006 
0.003 
0.003 

0 
-0.003 

0 
-0.oQ8 
-0.003 

-0.003 
-0.003 

0 
0.003 

-0.003 
0.006 
0.006 
0.009 
0.w3 

-0.003 
0.009 
0.003 

-0.015 
0 

0.003 
0.003 

-0.149 
-0.139 

-0.133 
-0.136 

-0.13 

-0.136 
-0.133 

-0.139 
-0.13 

-0.117 

-0.114 
-0.092 
-0.092 
-0.073 
-0.082 
-0.127 
-0.085 

-0.088 
-0.111 
-0.083 
-0.101 

-0.117 
-0.076 
-0.079 

-0.095 
-0.053 



CAMPLEJEUNEACUIFERTEST 
PROJECllNUMBER16O32WBSO293oo1 
DRW-l(DEEPWELL)24 HOURRECOVERYTESTFOLLOWlNG72HOURPUMPlNGTEST 

rz”-- FEBRUARY 23-24,1996 
DRAWDOWNINFEET 

ELAPSED 
TIME IN 

MINUTES DRW-1 GGWIDB GGWIDA GGWID 6GW1S 
0 
0 

0.5 
1 

1.5 
2 

2.5 
3 

3.5 
4 

4.5 
5 

5.5 
6 

6.5 
7 

7.5 
a 

a.5 
9 

9.5 
10 
11 
12 
13 
14 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
90 

120 
150 
180 
210 
240 
270 
300 
360 
420 
480 
540 
600 
660 

,pp”-. 

1020 
1080 
1140 
1200 
1266 
1320 
1380 
1440 

66.902 
66.902 
66.792 
59.186 
44.422 
35.172 

28.17 
22.583 

18.08 
14.632 
11.735 
9.451 
7.703 
6.395 
5.293 
4.458 
3.812 
3.324 
2.914 
2.552 
2.284 
2.095 
1.796 
1.591 
1.449 
1.323 
1.228 
0.945 
0.787 
0.677 
0.582 
0.519 
0.472 
0.425 
0.378 
0.346 

0.22 
0.157 

0.11 
0.063 
0.031 
0.015 

0 
-0.031 
-0.078 

-0.11 
-0.126 
-0.141 
-0.173 
-0.189 
-0.204 

-0.22 
-0.236 
-0.252 
-0.267 
-0.267 
-0.283 
-0.299 
-0.315 

-0.33 
-0.33 
-0.33 
-0.33 

0.818 
0.818 
0.808 
0.808 
0.799 
0.799 
0.799 
0.808 
0.808 
0.818 
0.818 
0.818 
0.808 
0.818 
0.808 
0.818 
0.818 
0.827 
0.827 
0.837 
0.837 
0.846 
0.846 
0.846 
0.856 
0.856 
0.846 
0.856 
0.865 
0.875 
0.884 
0.884 
0.894 
0.884 
0.894 
0.894 
0.875 
0.875 
0.837 
0.808 
0.779 
0.741 
0.732 
0.664 
0.608 
0.561 
0.513 
0.475 
0.437 
0.399 
0.361 
0.332 
0.304 
0.285 
0.256 
0.247 
0.228 
0.199 

0.18 
0.161 
0.142 
0.142 
0.133 

0.986 
0.986 

0.98 
0.973 
0.973 
0.973 

0.98 
0.98 
0.98 

0.986 
0.992 
0.986 
0.986 
0.992 
0.986 
0.992 
0.992 
1.005 
1.605 
1.011 
1.011 
1.011 
1.018 
1.024 

1.03 
1.03 

1.024 
1.037 

1.03 
I.024 
1.018 
1905 
0.992 
0.973 
0.961 
0.942 

0.86 
0.796 
0.733 
0.683 
0.651 
0.613 
0.588 
0.543 
0.486 
0.442 
0.411 
0.379 
0.347 
0.322 
0.297 
0.278 
0.252 

0.24 
0.221 
0.208 
0.189 

0.17 
0.158 
0.139 
0.126 
0.126 
0.126 

2.267 
2.267 
2.267 
2.255 
2.255 

:z 
2:185 
2.153 
2.121 
2.076 
2925 
1.974 

1.93 
1.879 
1.834 

1.79 
1.751 
1.713 
1.675 
1.643 
I.605 
1.548 
1.497 
1.446 
1.401 
1.357 

1.21 
I.108 
1.038 
0.981 
0.936 
0.898 
0.866 
0.834 
0.809 
0.707 
0.643 
0.592 
0.547 
0.522 
0.497 
0.484 
0.446 
0.395 
0.369 
0.337 
0.312 
0.293 
0.274 
0.254 
0.235 
0.223 
0.203 
0.191 
0.178 
0.165 

-0.146 
0.133 
0.121 
0.114 
0.114 
0.114 

0.12 
0.12 
0.12 
0.12 
0.12 
0.12 

0.123 
0.123 
0.123 
0.126 
0.129 
0.126 
0.126 
0.129 
0.132 
0.132 
0.129 
0.129 
0.129 
0.129 
0.132 
0.129 
0.132 
0.132 
0.129 
0.129 
0.126 
0.123 
0.123 
0.123 
0.123 

0.12 
0.12 

0.113 
0.113 

0.11 
0.091 
0.088 
0.079 
0.072 
0.066 
0.056 
0.047 
0.034 
0.018 
0.028 
0.025 
0.037 
0.028 
0.028 
0.041 
0.041 
0.012 
0.015 
0.006 
0.018 

-0.006 
-0.018 
-0.009 
-0.015 
-0.006 
0.006 
0.015 

DP2 
1.071 
1.071 
I.065 
I.065 
I.065 
1.059 
I.059 
1.065 

ET 
lb5 
I.065 
I.065 
1.065 
I.065 
I.065 
1.065 
1.071 
1.071 
1.071 
I.065 
1.065 
1.071 
1.071 
1.071 
1.071 
1.065 
I.065 
I.065 
1.065 
1.065 
1.065 
1.065 
I.065 
1.065 
I.059 
I.059 
1.059 
1.046 
1.014 
0.982 
0.931 
0.893 
0.848 
0.784 
0.727 
0.682 
0.644 
0.606 
0.574 
0.542 
0.516 
0.497 
0.478 
0.459 
0.446 
0.427 
-0.408 
0.395 
0.376 
0.363 

0.35 
0.338 

DPl 
0.806 
0.806 
0.806 
0.799 
0.806 
0.806 
0.806 
0.806 
0.806 
0.812 
0.812 
0.806 
0.806 
0.806 
0.799 
0.799 
0.799 
0.806 
0.806 
0.806 
0.806 
0.806 
0.806 
0.806 
0.799 
0.799 
0.787 
0.774 
0.768 
0.755 
0.749 
0.749 
0.742 
0.736 

0.73 
0.73 

0.711 
0.704 
0.698 
0.685 
0.704 
0.679 
0.679 
0.666 
0.653 
0.647 
0.647 
0.641 
0.628 
0.622 
0.615 
0.609 
0.603 
0.603 
0.596 
0.596 

0.59 
0.584 
0.584 
0.584 
0.577 
0.571 
0.577 

SP2 SRW-1 6GW15D 
0.102 -0957 
0.102 -0.057 
0.102 -0.057 
0.102 -0.06 
0.102 -0957 
0.105 -0.057 
0.105 -0957 
0.102 -0.053 
0.102 -0.053 
0.105 9.05 
0.105 -0.05 
0.102 -0.053 
0.102 -0.057 
0.102 -0.05 
0.105 -0.053 
0.098 -0.057 
0.098 -0.06 
0.098 -0.057 
0.105 -0.057 
0.102 -0957 
9.102 -0.06 
0.102 -0657 
0.105 -0.053 
0.105 -0.053 
0.105 -on53 
0.105 -0.053 
0.098 -0.06 
0.102 -0.06 
0.102 -0.063 
0.105 -0.06 
0.106 -0.053 
0.108 -0.053 
0.105 -0.053 
0.102 -0.057 
O.lo2 -0.06 
0.108 -0.05 
0.086 -0.066 
0.086 -0.069 
0.089 0.139 
0.092 19.553 
0.095 19.575 
0.066 19.556 
0.044 2.536 
0.038 2.374 
0.012 2.336 
0.009 2.336 
0.015 2.339 
0.028 2.349 
0.025 ' 2.345 
0.028 2.349 
0.044 2364 
0.051 2371 
0.028 2349 
0.025 2.345 
0.012 2.336 
0.022 2.345 
0.003 2.326 

-0.015 2.307 
-0.012 2.307 
-0.025 2.298 
-0.022 2.301 
-0.005 2.317 
0.006 2.323 

0.417 
0.417 
0.4'14 
0.411 
0.414 
0.411 
0.4'14 
0.4'14 
0.4'14 
0.4l4 

0.42 
0.4'14 
0.4'17 
0.417 
0.4'14 
0.414 
0.4'11 

0.42 
0.4'17 

0.42 
0.4'17 
0.4'17 
0.4'17 
0.4'17 
0.414 
0.4'11 
0.411 
0.398 
0.385 
0.373 

0.36 
0.348 
0.338 
0.325 
0.319 
0.303 
0.246 
0.205 
0.167 
0.132 
0.113 
O.OS5 

0.06 
0.0:37 

0 
0 
0 
0 
0 
0 

: 
0 
0 
0 
0 
0 
0 
0 
0 
0 



CAMPLEJEUNEAQUIFERTEST ~ 
PROJECTNUMBERl6032WBS0293001 
DRW-l(DEEPWELL)STEPDRAWDOWNTEST 
FEBRUARY 19,1996 
FLOWRATE:30GPM 
DRAWDOWNINFEET 

ELAPSED 
TIMEIN 

MINUTES DRW-1 GGWIDB GGWIDA GGWID 6GWlS 
0 

0.5 
1 

1.5 
2 

2.5 
3 

3.5 
4 

4.5 
5 

5.5 
6 

6.5 
7 

7.5 
8 

8.5 
9 

9.5 
10 
11 
12 
13 
14 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
90 

0.063 
10.301 
29.68 

43.698 
54.139 
60.772 
63.444 
65.157 
66.257 
66.838 
66.948 
67.042 
67.137 
67.247 
67.325 
67.404 
67.498 
67.577 
67.64 

67.718 
67.734 

67.86 
68.001 

68.08 
68.205 
68.268 
68.677 
68.912 
69.116 
69.274 
aa 134 "I."& I 
69.352 
69.368 
69.368 
69.368 
69.368 

-0.019 -0.006 0.178 -0.009 
-0.019 -0.006 0.172 -0.006 
-0.009 -0.006 0.172 -0.012 
-0.019 0 0.178 -0.012 
-0.009 0 0.203 -0.012 
-0.009 0.006 0.248 -0.009 
-0.009 0.006 0.305 -0.012 
-0.009 0 0.363 -0.012 
-0.009 0 0.426 -0.015 
-0.028 -0.012 0.477 -0.018 
-0.019 -0.012 0.541 -0.022 
-0.028 -0.012 0.598 -0.022 
-0.019 -0.006 0.656 -0.022 
-0,028 -0.012 0.694 -0.018 
-0.038 -0.018 0.739 -0.022 
-0.019 -0.006 0.783 -0.022 
-0.038 -0.018 0.809 -0.025 
-0.038 -0.018 0.834 -0.025 
-0.038 -0.025 0.866 -0.025 
-0.038 -0.025 0.892 -0.025 
-0.038 -0.025 0.923 -0.025 
-0.028 -0.025 0.962 -0.025 
-0.047 -0.031 1 -0.025 
-0.038 -0.025 1.032 -0.025 
-0.057 -0.037 1.057 -0.025 
-0.057 -0.037 1.089 -0.025 
-0.066 -0.037 1.191 -0.018 
-0.057 -0.025 1.267 -0.022 
-0.057 -0.012 1.331 -0.015 
-0.085 -0.012 1.369 -0.018 
=0.085 0 j.395 -O.O? 5 
-0.076 0.018 1.433 -0.015 
-0.085 0.025 1.458 -0.015 
-0.085 0.044 1.484 -0.012 
-0.066 0.069 1.516 -0.012 
-0.066 0.132 1.586 -0.012 

DP2 
0.351 
0.344 
0.351 
0.344 
0.351 
0.363 
0.363 
0.363 
0.357 
0.351 
0.357 
0.351 
0.363 
0.351 
0.351 
0.357 
0.344 
0.351 
0.351 
0.351 
0.357 
0.363 
0.357 
0.363 
0.351 
0.357 
0.363 

0.37 
0.389 
0.382 
n ?iFm -...-- 
0.402 
0.408 
0.421 
0.433 
0.459 

DPl 
0.177 
0.177 
0.165 
0.165 
0.177 
0.196 
0.203 
0.203 
0.203 
0.184 
0.177 
0.177 

0.19 
0.184 

0.19 
0.196 

0.19 
0.19 

0.196 
0.196 
0.203 
0.203 

0.19 
0.196 
0.184 

0.19 
0.203 
0.222 
0.241 
0.241 
0.24? 
0.247 
0.266 
0.279 
0.292 
0.292 

SP2 SRW-1 6GW15D 
0.038 0.625 0 
0.035 0.625 0 
0.028 0.622 0 
0.028 0.619 0 
0.028 0.622 0 
0.044 0.632 0 
0.054 0.641 0 
0.051 0.638 0 
0.047 0.635 0 
0.044 0.632 0 
0.044 0.632 0 
0.047 0.638 0 
0.051 0.641 0 
0.047 0.638 0 
0.044 0.635 0 
0,038 0.632 0 
0.038 0.628 0 
0.041 0.632 0 
0.044 0.635 0 
0.041 0.632 0 
0.041 0.628 0 
0.035 0.628 0 
0.038 0.632 0 
0.041 0.635 0 
0.025 0.619 0 
0.022 0.619 0 
0.035 0.635 0 
0.025 0.622 0 
0.044 0.632 0 
0.028 0.616 0 
0.038 0.628 0 
0.035 0.625 0 
0.031 0.619 0 
0.031 0.622 0 
0.035 0.625 0 
0.022 0.616 0 



Attachment E -Analytical Solution and Graphs used in the Cooper-Jacob 

Method for the Shallow Pumping Test Data 



client: LANTDIV 1 Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune 1 Pro j ec t: 62470-222 

SP-2 DRAWDOWN DATA 

2. 1 I I111111 1 I lillll~ I I I I llll( /I I I I IllI] I I IlllTq 
I 

0.8 

0.4 

I 

I -I 
n I I I t lllll /I I I I lllll I I I111111 I I I I lllll I Illllld 

“il.1 - 1, 10. 100. 1000. 10000. 
Time (min) 

DATA SET: 
SP-20. DAT 
03/06/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 26-29, 199E 
test well: SRW-1 
obs. well: SP-2 

TEST DATA: 
Q= 5. gal/min 
r = 13.15 ft 
rc= 0.125 ft 
rw- 0.25 ft 
b - 300. ft 

PARAMETER ESTIMATES: 
T = 167.1 ft2/day 
S = 0.002432 

AQTESOLV 



r 

Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Project: 62470-222 

SP-1 DRAWDOWN DATA 

1.25 I I I11111 I I I lllll I I I11111 . 
l .  .* 

. l * ..’ 

I-*‘/ I 1 

0. r-* I *l11111’ I I lllllll I I I111111 I I I llllll 

1. 10. 100. 1000. 10000. 
Time (min) 

DATA SET: 
SP-lO.DAT 

03/06/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 26-29. 199E 

test well: SRW-1 

obs. well: SP-1 

TEST DATA: 
Q= 5. gal/min 

r = 16.64 ft 

rc= 0.125 ft 

rw= 0.25 ft 

b - 300. ft  

PARAMETER ESTIMATES: 
T = 328.7 ft2/day 

S = 0.005182 

AQTESOLV 



client: LANTDIV Company: Baker. Environmental, Inc. 
1 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

6GW-34 DRAWDOWN DATA 

0.56 0.56 - - 
2 2 Y Y 
e e 
4 4 0.42 0.42 - - 
? ? 
2 2 
n n 
a a 
3 3 0.28 0.28 - - 
ti ti 
t: t: 
8 8 

0.14 0.14 - - 

.-• 
o. i- I I .+4.,+&f I I lllllll I I I llllll I I I llllll 

1. 10. 100. 1000. 10000. 
Time (min) 

DATA SET: 
34-D.DAT 

03/08/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 5 
Cooper-Jacob 

PROJECT DATA: 
test date: February 26-29. 199E 

test well: SRW-1 
obs . well: 6GW-34 

TEST DATA: 
Q- 5. gal/min 
r = 96.27 ft 

rc* 0.125 ft 

rw= 0.26 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 760.7 ft2/day 

S - 0.0009688 

AQTESOLV 



L 

Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

SP-3 DRAWDOWN DATA 

0.5 

0.4 

s 0.2 
8 
k 
8 

0.1 

0. 

I I I I1111 I I I I1111 I I I11111 I I I11111 I I I11111 I I I11111 I I I lllll I I I lllll 
. . 

.* .* 

. . 
. . 

. ’ . ’ 
l .  .  l .  .  

.  .  

.  .  

;  ;  

.  .  

.  .  

.  .  

. .* 09 ..* 09 

.  .  

.  .  .* .* 

.  .  

.  .  

~ I  ,  1*,1,4,1,/: ~ I  ,  1*,1,4,1,/: 

.  .  

.  .  

.* .* 

.  .  

.  .  

.  .  

.  .  

.  .  

.  .  

.= .= 

.* .* 

.* .* 

.  .  
.  .  

.  .  

I  I  

.  ..+ .  ..+ 

I  I  I  I  1’ 1’ 

1. 1. 10. 10. 100. 100. 1000, 1000, 10000. 10000. 
Time (min) Time (min) 

DATA SET: 
SP-30. OAT 

03/06/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 26-29, 199E 

test well: SRW-1 

obs. well: SP-3 

TEST DATA: 
Q = 5. gal/min 
r = 93.74 ft 

rc= 0.125 ft 

rw- 0.25 ft 

b - 300. ft  

PARAMETER ESTIMATES: 
T = 1174.3 ft2/day 

S - 0.002373 

AQTESOLV 



Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Project: 62470-222 

DRW-1 DRAWDOWN DATA 

0.3 1 I I I I III1 I I I I vllll 

0.24 

0.18 

0.06 

l- 

. 

. 

. . 

. . . . . . . 

. 
l i ’ 1 

0. ’ I I I I IIIII I II I I IIIIJ 

100. 1000. 10000. 
Time (min) 

DATA SET: 
DRW-lDR.DAT 
03/10/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 26-29. 1991 
test well: SAW-1 
obs. well: DRW-1 

TEST DATA: 
Q- 5. gal/min 
r = 304.1 ft 
rc- 0.125 ft 
rw- 0.25 ft 
b - 300. ft 

PARAMETER ESTIMATES: 
T - 207.3 ft2/day 
S = 0.009593 

AQTESOLV 



r I 

/ Client: LANTDIV I Company: Baker Environmental, Inc. 

/Location: Site 82 -- MCB Camp Lejeune I Pro j ec t: 62470-222 

!  

I DRW-1 DRAWDOWN DATA 

1000. 
Time (min) 

10000. 

OATA SET: 
DRW-IDR.DAT 

03/10/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 26-29, 199E 

test well: SRW-1 
obs. well: DRW- 1 

TEST DATA: 
Q - 5. gal/min 

r = 304.1 ft 

rc- 0.125 ft 

rwa 0.25 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 74.11 ft2/day 
S = 0.01136 

AOTESOLV 



Attachment F-Analytical Solution and Graphs used in the Theis Method 

P-w for the Shallow Pumping Test Data 



Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Pro j ec t: 62470-222 

SP-2 DRAWDOWN DATA 
DATA SET: 
SP-2D. DAT 

03/06/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 26-29, 199t 
test well: SRw-I 

obs. well: SP-2 

TEST DATA: 
0 = 5. gal/min 
r = 13.15 ft 
rc= 0.125 ft 
rw= 0.25 ft 
b - 300. ft 

PARAMETER ESTIMATES: 
T - 165. ft2/day 
S = 0.003051 

0.01 L I I lhllll I I I I1111 I I I I1111 I I I I lllll I I11111 

0.1 1. 10. 100. 1000. 10000. 
Time (min) 

AG'TESOLV 



. 

client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

SP-1 DRAWDOWN DATA 
DATA SET: 
SP-lD.DAT 

lo., 1 ~~~~~~~ 
03/06/96 

I I Illlll I I I lllll~ I I I IIll+ 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

0.01 
1. 10. 100. 1000. 10000. 

Time (min) 

PROJECT DATA: 
test date: February 26-29, 1996 

test well: SRw-I 
obs. well: SP-1 

TEST DATA: 
Q= 5. gal/min 

I- = 16.64 ft 

rc= 0.125 ft 

rw= 0.25 f t  

b = 300. ft  

PARAMETER ESTIMATES: 
T - 276.6 ft2/day 

S = 0.006783 

AQTESOLV 



Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Project: 62470-222 

6GW-34 DRAWDOWN DATA 

. I I I1111 I I I11111 I I I11111 I lllll 

1. 

I  i ’ 

I I ll I lllll I I I llllll I I lllllll I I1111 

10. 100. 1000, 10000. 
Time (min) L..... 

DATA SET: 
34-D.DAT 

03/08/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 26-29. 199E 
test well: SRW-1 
obs. we 11: 6GW-34 

TEST DATA: 
Q- 5. gal/min 
r = 96.27 ft 
rc= 0.125 ft 
rw- 0.25 ft 
b - 300. ft 

PARAMETER ESTIMATES: 
T = 720.7 ft2/day 
S = 0.001203 

AQTESOLV 



-, 

3 ‘. 

Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

SP-3 DRAWDOWN DATA 

1. l- 

0.1 

0.01 

0.001 - 
1, 

L 

100. 
Time (min) 

DATA SET: 
SP-XI. DAT 
03/06/96 

AQ’UIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 26-29, 199E 
test well: SRW-1 
obs. well: SP-3 

TEST DATA: 
Q - 5. gal/min 
r = 93.74 ft 
rc= 0.125 ft 
rw= 0.25 ft 
b - 300. ft 

PARAMETER !STIMATES: 
T = 641.6 ftc/day 
S - 0.006247 

AQTESOLV 



Attachment G -Analytical Solution and Graphs used in thie Theis 

Recovery Method for the Shallow Pumping Test Data 



I .J 

client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82’ -- MCB Camp Lejeune Pro j ec t: 624’70-222 

SRW-1 RECOVERY DATA 
DATA SET: 
SRW-lR.DAT 

10. 
03/08/96 

I I111111 I 1 I I1111 I I I I1111 I I I11111 

AQUIFER MODEL: 
. Confined 

SOLUTION METHOD: . 

8. - 
Theis Recovery 

PROJECT DATA: 

2 . test date: February 26-29, 199E 
test well: SRW-1 

g 6.- 

. obs . well: SRW-1 

. 

P 

TEST DATA: 
. Q = 5. gal/min 

k . r = 0. ft 

n . rc= 0.125 ft 

7 4.- 
. rw= 0.25 ft 

2 

. b = 300. ft 
. 

.L( . 

E 
. PARAMETER ESTIMATES: 

. . T 
lx 

= 441.8 ft2/day 
. 

: 

2. - 

[ I~ II, 

* s’ P2e243 

. 
0. I llllll I I I llll-il 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

AQTESOLV 



f 

client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Pro j ec t: 62470-222 

SP-2 RECOVERY DATA 
DATA SET: 
SP-2R. OAT 

2. - 
03/08/96 

I I I Illll~ I I I I1111 I I I11111 I I I lllll 
6 I 

.  l AQUIFER MODEL: 
. 

. Confined 
. SOLUTION METHOD: . 

. Theis Recovery 
1.6 - . 

. 
. PROJECT DATA: 

2 
. 
. test date: February 26-29. 199f 

: Y test well: SRW-1 

.: obs. well: SP-2 

f 1.2- 
. . 

TEST DATA: : 
z 

0 - 5. gal/min : 
r = 15.08 ft 

E 
n 

. rC= 0.125 ft 
rW= 0.25 ft 

7 0.8 - 
. 

. b = 300. ft 

: 
. 

:(:~j 

. . 
l r( 

~ 

PARAMETER ESTIMATES: 
; T = 470.1 ft2/day 

P= S’ - 1.768 
. 

0.4 
. . . 6 . . 

. *  l 

. * *  

.  

I  

0. 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

AQTESOLV 



client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

SP-1 RECOVERY DATA 

1.25 

1. 

0.25 

0. 

I I I11111 I I I11111 I I I11111 . 
.  l I1 

.* 
. / . 

.- 
,* 

. 

. 
. 

~__ ~ 

I I 
I /I 11 IllI I I lllllll I I I111111 I I I IllIll 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
SP-lR.OAT 
03/08/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 26-29, 199E 
test well: SRW-I 
obs. well: SP-1 

TEST DATA: 
Q = 5. gal/min 
r = 13.72 ft 
rc= 0.125 ft 
rw= 0.25 ft 
b - 300. ft 

PARAMETER ESTIMATES: 
T = 572. ft2/day 
S' - 1.375 

AQTESOLV 



.t;. 

Client: LANTDIV 

Location: Site 82 -- MCB Camp Lejeune 

Company: Baker Environmental, Inc. 

Project: 624'70-222 

6GW-34 RECQVERY DATA 

$ 0.42 

z 
E 
m 

0.28 

0. 
IcllllllI I I lllllll I I1111111 I l 1111~ 

1. 10. 100, 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
34-R.DAT 

03/08/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 26-29. 199E 
test well: SRW-1 
obs. well: 6GW-34 

TEST DATA: 
Q - 5. gal/min 
r = 96.27 ft 

rc= 0.125 ft 

rW= 0.25 ft 

b * 300. ft  

PARAMETER ESTIMATES: 
T = 772.5 ft2/day 
S’ = 0.6763 

AQTESOLV 



Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 624'70-222 

SP-3 RECOVERY DATA * 

0.1 

0. 
~l ;lll,lli I 1111111, I 1111111, I IIII I t 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
SP-3R.DAT 

03/08/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 26-29. 1996 
test well: SRW-1 
obs. well: SP-3 

TEST DATA: 
0 - 5. gal/min 
r - 96.29 ft 
rc- 0.125 ft 
rw- 0.25 ft 
b - 300. ft 

PARAMETER ESTIMATES: 
T - 1231.8 ft2/day 
S' = 0.1302 

AQTESOLV 



n i 

:- 

Attachment H -Analytical Solution and Graphs used in the Neuman 

Methodfor the Deep Pumping Test Data 



Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 624'70-222 

6GW-1DB DRAWDOWN DATA 

1000. 
Time (min) 

DATA SET: 
IDB-0 . OAT 

03/04/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Neuman 

PROJECT DATA: 
test date: February 19-24. 1996 
test well: ORW-1 

obs . well: 6GW- 1OB 

TEST DATA: 
cl= 30. gal/min 
r = 35.44 ft 
rc= 0.25 ft 
rw= 0.5 ft 
b - 300. ft 
Pumping Well Screen Depth: 

top = 65. ft 
hot.= 85. ft 

Obs. Well Screen Oepth: I 

top = 230. ft 
hot.= 250. ft 

PARAMETER gSTIMATES: 
T = 556.8 ftd/day 
S - 0.08713 

SY = 0.5 

P * 0.05189 

AQTESOLV 



. 
.,’ I 

client: LANTDIV Company: Baker Environmental, Inc. 

Ldcation: Site 82 -- MCB Camp Lejeune 1 Project: 62470-222 

6GW-1DA DRAWDOWN DATA 

. * 

6 .  .  .  .  

1. 

10. 

I I I I lllll I I Ill 

- 

. 

I 
l 

I I II I I Id I I I I illll I I III1 

100. 1000. 10000. 
Time (min) 

DATA SET: 
lOA-0. OAT 
02/28/96 

AQUIFER MODEL: 
Unconf.ined 

SOLUTION METHOD: 
Neuman 

PROJECT DATA: 
test date: February 19-24, 1996 
test well: DRW-I 

obs. well: 6GW-IDA 

TEST DATA: 
Q - 30. gal/min 

r = 58.83 ft 

rc= 0.25 ft 

rw- 0.5 ft 

b - 300. ft 
Pumping Well Screen Depth: 

top = 65. ft 
bot .= 85. ft 

Obs. Well Screen Depth: 

top = 205. ft  

bot .= 225. ft  

PARAMETER ESTIMATES: 
T = 783. ft2/day 

S = 0.007066 

SY = 0.03147 

P = 0.02094 

AQTESOLV 



r ( 
I 
I 

Ilient: LANTDIV Company: Baker Environmental, Inc. 

,ocation: Site 82 -- MCB Camp Lejeune Pro j ec t: 62470-222 

6GW-lD DRAWDOWN DATA 

10. t 1 1 11 II”I I I I I IIIII I I111111 I I llllll I I1111 

I .I I I 
0.01 l I ’ I ‘ld I I I ld I I I I lllll I I I I I1111 I I IlllllJ 

0.1 1. 10. 100. 1000. 10000. 
Time (min) 

DATA SET: 
ID-D.DAT 
02/28/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Neuman 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: DAW-1 
obs. well: GGW-10 

TEST DATA: 
Q - 30. gal/min 
r = 58.83 ft 
r = 0.25 ft 
ri= 0.5 ft 
b - 300. ft 
Pumping Well Screen Depth: 

top = 65. ft 
hot.= 85. ft 

ObS. Well Screen Depth: 

top = 85. ft 
hot.= 95. ft 

PARAMETER ESTIMATES: 
T = 2149.4 ft2/day 
S = 0.005399 

SY - 0.001 

P = 0.006624 

AQTESOLV 



Client: LANTDIV 

Location: Site 82 -- MCB Camp Lejeune 

Company: Baker Environmental, Inc. 

Project: 62470-222 

DP-2 DRAWDOWN DATA 

100. 
Time (min) 

1000, 10000. 

DATA SET: 
DP-2D.DAT 
03/O l/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Neuman 

PROJECT DATA: 
test date: February 19-24, 1996 
test well: DRW-1 
obs. well: DP-2 

TEST DATA: 
0 = 30. gal/min 
r = 174.6 ft 
rc= 0.25 ft 
rw- 0.5 ft 
b = 300. ft 
Pumping Well Screen Depth: 

top = 65. ft 
hot.= 65. ft 

Dbs. Well Screen Depth: 

top = 65. ft 
hot.= 95. ft 

PARAMETER ESTIMATES: 
T = 1020.1 ft2/day 
S f 0.01923 

SY - 0.002046 

P = 0.2007 

AQTESOLV 



client: LANTDIV Company: Baker Environmental, Inc. 

Lo.cation:' Site 82 -- MCB Camp Lejeune Project: 62470-222 

DP-1 DRAWDOWN DATA 

1. 10. 100. 
Time (min) 

DATA SET: 
OP-lO.OAT 

03/01/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Neuman 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: ORW-1 
obs. well: OP-1 

TEST DATA: 
0 = 30. gal/min 
r = 212.6 ft 
rc= 0.25 ft 
rw= 0.5 ft 
b - 300. ft 
Pumping Well Screen Depth: 

top = 65. ft 
bet.= 85. ft 

Obs. Well Screen Depth: 

top = 65. ft 
hot.= 85. ft 

PARAMETER ESTIMATES: 
T = 1703.4 ft2/day 
S = 0.004953 

SY = 0.006026 

P - 0.2988 

AQTESOLV 



L 

Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Project: 624'70-222 

6GW-15D DRAWDOWN DATA 

I I I Illll I I I IIIIL 
. 

1000. 
Time (min) 

DATA SET: 
15D-D.OAT 
02/29/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Neuman 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: DRW-1 

ohs . well: 6GW-150 

TEST DATA: 
Q= 30. gal/min 

r = 376.3 ft 
rc= 0.25 ft 

rW= 0.5 ft 

b = 300. ft 
Pumping Well Screen Depth: 

top = 65. ft 
hot.= 85. ft 

Obs. Well Screen Depth: 

top = 130. ft 
hot.= 140. ft 

PARAMETER ESTIMATES: 
T = 1133.9 ft2/day 
S = 0.01697 

SY = 0.07204 

p = 0.0921 

AQTESOLV 



Attachment I -Analytical Solution and Graphs used in the Cooper-Jacob 

Method for the Deep Pumping Test Data 



.-.-- --Y .I 

Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Pro j ec t: 62470-222 

6GW-1DB DRAWDOWN DATA 

0.9 1 I I I I lllll I I I l/lIlll 
l- 

0.18 L- 

0. ’ I I I I I 

l,l, 
100, 1000. 10000. 

Adjusted Time (min) 

DATA SET: 
IDE-D.DAT 

02/26/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: DAW-I 
obs. well: 6GW- ID6 

TEST DATA: 
0 = 30. gal/min 
r = 35.44 ft 
rc= 0.25 f t  

rw= 0.5 ft 
b - 300. ft  

PARAMETER ESTIMATES: 
T = 1466.1 ft2/day 

S = 0.3909 

AG'TESOLV 



,..- ._ .-., *7 

‘, ‘. 

Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 L- MCB Camp Lejeune Project: 62470-222 

6GW-1DA DRAWDOWN DATA 

0.8 

0.2 

.  

l l 

.  .  .  .  0. 

I 1111111, I ll,lll’;l 

10. 100, 1000. 10000. 
Adjusted Time (min) 

DATA SET: 
IDA-D.OAT 

02/28/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 19-24, 199f 

test well: DRW-I 
bbs . well: GGW-IDA 

TEST DATA: 
Q - 30. gal/min 
r = 58.83 ft 
rc= 0.25 ft 

rw= 0.5 ft 

b = 300. f t  

PARAMETER ESTIMATES: 
T = 1863.2 ft2/day 

S = 0.04327 



1 ient: LANTDIV 1 Company: Baker Environmental, Inc. 

I Pro j ec t: 62470-222 ocation: Site 82 -- MCB Camp Lejeune 

2.4 L 2.4 - 

. . 
0. r- I ’ I lHH1 x4 I I I1111’ I I I11111 .I I I11111 I Ill11 

0.1 1. 10. 100. 1000. 10000. 
Adjusted Time (min) 

% 18- . 

a 
3 1.2- 

3 
l q  

0.6 - 

6GW-lD DRAWDOWN DATA 
DATA SET: 
10-D.DAT 
02/28/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
COOper-JaCOb 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: DRW-1 

obs. well: GGW-ID 

TEST DATA: 
Q = 30. gal/min 

r = 58.83 ft 
rc= 0.25 ft 

rw= 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 1339.2 ft2/day 
S = 0.0007713 

AQTESOLV 



-. 
‘. 

4 

1 ient: LANTDIV Company: Baker Environmental, Inc. 

Ication: Site 82 -- MCB Camp Lejeune Project: 62470-222 

DP-2 DRAWDOWN DATA 
DATA SET: 
DP-2DE.DAT 

03/01/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

1. - 
PROJECT DATA: 
test date: February 19-24. 199f 

Y test well: DRw-1 
obs. well: OP-2 

TEST DATA: 
Is = 30. gal/min 
r = 174.6 f t  

rc- 0.25 ft 

rw= 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 969.1 ft2/day 

S - 0.0123 

Adjusted Time (min) 

AQTESOLV 



Client: LANTDIV 1 Company: Baker Environmental, Inc. 

I Project: 62470-222 Location: Site 82 -- MCB Camp Lejeune 

DP-1 DRAWDOWN DATA 

0.9 1 I I I I1111 I I I11111 I I I I1111 I I I I1111 

. 

. 

. 

w 

l .** l = 

0. ’ 
I I I tIllI I I11111 I I I11111 I I lllllll 

0.1 1: 10. 100. 1000, 10000, 
Adjusted Time (min) 

DATA SET: 
OP-lD.DAT 
02/26/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Cooper-Jacob 

PROJECT DATA: 
test date: February 19-24, 1996 
test well: DRw-I 
obs . well: DP-1 

TEST DATA: 
Q = 30. gal/min 
r = 212.6 f t  
rc= 0.25 f t  

rW= 0.5 ft 
b = 300. ft 

PARAMETER ESTIMATES: 
T = 1664.5 ft2/day 
S - 0.008291 

AQTESOLV 



Location: Site 82 -- MCB Camp Lejeune 1 Project: 62470-222 

-. 

) 
“i ‘. :.; .::: ‘, .: : ‘; ‘I 

->! -3 ! 
--?. ,,-- :. .: 

Client: LANTDIV Company: Baker Environmental, Inc. 

6GW-15D DRAWDOWN DATA 

0.5 r I I I I Illll I I I I ljlll 

n I I I I ll1ll I I I I lllll 

“ioo. 1000. 
Adjusted Time (min) 

IATA SET: 
ISO-D.DAT 

32/26/96 

AQUIFER MODEL: 
Jnconfined 

SOLUTION METHOD: 
cooper-Jacob 

PROJECT DATA: 
test date: February 19-24, 19% 
test well: ORW-1 

obs. well: 6GW-150 

TEST DATA: 
Q = 30. gal/min 
r = 376.5 ft 

rc= 0.25 ft 

rw= 0.5 ft 
b = 300. ft  

PARAMETER ESTIMATES: 
T = 2221.9 ft2/day 
S = 0.01089 

AQTESOLV 



Attachment J - Analytical Solution and Graphs used in the Thek Method 

for the Deep Pumping Test Data 



\ 
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.: .: ;. ;:’ : ; 

-.. 

Zlient: LANTDIV I Company: Baker Environmental, Inc. 

-ocation: Site 82 -- MCB Camp Lejeune 1 Pro j ec t: 62470-222 

.6GW=lDB DRAWDOWN DATA 

I I I I Ill1 I I I I1111 

0.01 I- . . . . . 
10. 100. 1000. 10000. 

Time (min) 

DATA SET: 
IDB-D. OAT 

02/28/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: DRW-1 
obs. well: GGW-IDB 

TEST DATA: ’ 
0 - 30. gal/min 
r = 35.44 f t  

rc= 0.25 f t  

rw= 0.5 f t  
b - 300. ft  

PARAMETER ESTIMATES: 
T = 1130.8 ft2/day 

S = 0.5 

AQTESOLV 



Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Project: 624'70-222 

l l 

1. 

104 

'6GW-1DA DRAWDOWN DATA 
I~ATA SET: 
IDA-D.DAT 

02/28/96 

, 
. 

I I I I1111 I I I111111 I I I lllll 

100. 1000. 10000. 
Time (min) 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 19-24. 199E 
test well: DRW-1 
ObS. well: 6GW- IDA 

TEST DATA: 
0 = 30. gal/min 
r f 58.83 f t  

rc= 0.25 f t  

rw= 0.5 ft 
b = 300. ft  

PARAMETER ESTIMATES: 
T = 1461.7 ft2/day 
S = 0.07369 

AQTESOLV 



._--._ 
:: 
:: 

Client: LANTDIV 

--., 
*. 

1 Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

6GW-1D DRAWDOWN DATA 

Time (min) 

DATA SET: 
ID-D.DAT 

02/28/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 19-24. 1991 

test well: DRw-1 
obs. well: GGW-ID 

TEST DATA: 
0 = 30. gal/min 

r = 58.83 ft 
rc= 0.25 ft 

rw= 0.5 ft 

b - 300. ft  

PARAMETER ESTIMATES: 
T = 1234. ft2/day 
S - 0.001149 

AOTESOLV 



Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

DP-2 DRAWDOWN DATA 

10. ‘, 1 [ 11 II”1 I I I I III11 I I I I1111 I I llllll I I IllllT 

1. 

1 

0.1 1 
[ 

. .H . . . . I 
0.01 - 

DATA SET: 
DP-2D.DAT 

03/01/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 19-24. 1996 
test well: ORW-1 

obs. well: OP-2 

TEST DATA: 
(3 = 30. gal/min 

r = 174.6 ft 
rc= 0.25 ft 

rw= 0.5 ft 
b - 300. ft  

PARAMETER ESTIMATES: 
T = 1005.1 ft2/day 
S = 0.01424 

AQTESOLV 



.  .  . . -  ..__ ._ 

‘, ‘. 

I  

Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

DP-1 DRAWDOWN DATA 

1. 

O.Ol- 

I I 
. t . . . . . 

I I I I I1111 I I I11111 I 11111111 I I111111 I I I1111 

0.1 

I I I11111 I I I11111 I I I Ill11 I I I I IIII( 

1. 10. 100. 
Time (min) 

1000. 10000. 

DATA SET: 
DP-ID.DAT 

02/29/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 19-24, 199E 

test well: DRW-1 
obs. well: DP-I 

TEST DATA: 
Q = 30. gal/min 
I-+ = 212.6 f t  

rc= 0.25 f t  
rw= 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 1587.4 ft2/day 
S = 0.009623 

AQTESOLV 
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_- 
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a--.. .-- --. 
, 

', 4. 

Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune Pro j ec t: 62470-222 

-6GW45D DRAWDOWN DATA 

0.1 ,- 

I 

0.01 1 
I II I IIIII I I I IIIII 

1. c 1 I I I Illll I I I IIIIL 
I 

100. 1000. 
Time (min) 

DATA SET: 
ISD-D.DAT 

02/26/96 

AQUIFER MODEL: 
Unconfined 

SOLUTION METHOD: 
Theis 

PROJECT DATA: 
test date: February 19-24. 199E 

test well: DRW-1 
ohs. well: 6GW-150 

TEST DATA: 
Q - 30. gal/min 
r = 376.5 f t  

rc= 0.25 f t  
rw- 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 1344.7 ft*/day 
s = 0.01693 

AQTESOLV 



Attachment K - Analytical Solution and Graphs used in the Theis 

Recovery Method 

. . . . . . . 



,. -. 

Client: LANTDIV 

‘, 

I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Project: 62470-222 

6GW-1DB RECOVERY DATA 

1. I 11 I1111 I I llllll I I I IllIll 

% 0.6 

z 
E 
13 

_ I 

-l 
0. I- I ’ ’ I I111’ I I I lllll I I lllllll I I I IIIIU 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
IOB-R. DAT 
02/26/96 

AQIiFER MODEL: 
Confined 

SOLUTION METHOD: 
Tneis Recovery 

PROJECT DATA: 
test date: February 19-24, 19.96 
test well: ORW-1 
obs. well: GGW-IDB 

TEST DATA: 
0 = 30. gal/min 
I- - 37.94 ft 
rc= 0.25 ft 
rw= 0.5 ft 
b = 300. ft 

PARAMETER ESTIMATES: 
T = 986.9 ft2/day 
S’ - 2.892 

AQTESOLV 



. :  ) .  , . ,  .  .  .  . ,  

, .  : > : . . .  

Client: LANTDIV Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune 1 Project: 62470-222 

GGW-1DA RECOVERY DATA 

. 
2 a .d 
5 p: 

I I lllll,l I I 111111 I I I I1111 I I IllIll 

1. - 

0.75 - 

0.5 - 

0.25 - 

0. I-- ’ I I I lllll I I I lllll I I lllllll 

1. 10. 100, 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
IDA-R.DAT 

02/26/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 19-24, 19961 
test well: DRW-1 

ohs. we1 1: ~Gw-IDA 

TEST DATA: 
0 - 30. gal/min 

r = 41.93 ft 

rc= 0.25 ft 
rw= 0.5 ft 

b = 300. ft 

PARAMETER ESTIMATES: 
T = 1270.8 ft2/day 
S’ = 2.759 

AOTESOLV 



r--- 

Client: LANTDIV 

‘. 

I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune I Pro j ec t: 62470-222 

6GW-1D RECOVERY DATA 

3. 1 I I111111 I 1111111 I I Illlll 

0.6 
/ I 

0. i lA/ll,l,l, I I 111111, I I 111111, I I 1,1111, 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
lD-LR.DAT 

02/26/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: ’ 
test date: February 19-24. 199E 
test well: ORW-1 
obs . we1 1: 6Gw-10 

TEST DATA: 
0 = 30. gal/min 
r = 56.39 ft 
r = 0.25 ft 
rE= 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 1641.5 ft2/day 

S' - 2.54 

AQTESOLV 



Client: LANTDIV Company: Baker Environmental, Inc. 
4 

Location: Site 82 -- MCB Camp Lejeune Project: 62470-222 

DP-2 RECOVERY DATA 

2. [ I I I I1111 I I 111111 I I I Illll 

. . , . . . . . . .****a-* l .  .  .  .  .  l ,  .  .  .  .  .  .  

-C 

0. I-  ’ I  Id 

I l11lllll I I I I1111 I I I IlllL 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
DP-2R.DAT 

07/12/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 19-24, 1996 

test well: DRW-I 
obs. well: DP-2 

TEST DATA: 
0 = 30. gal/min 
I- f 174.6 f t  

rc= 0.25 ft 

rw= 0.5 ft 
b = 300. ft  

PARAMETER ESTIMATES: 
T = 1049.4 ft2/day 
S' = 1.653 

AQTESOLV, 



Client: LANTDIV I Company: Baker Environmental, Inc. 

1 Project: 62470-222 Location: Site 82 -- MCB Camp Lejeune 

DP-1 RECOVERY DATA 

1. I I I lllll I I I11111 I I I lllll~ 

0.9 

0.6 

. . - 

-I 
0.5 FL / , ,,I ,,,, , , ,,,,,,, , , ,,11,,, , I ,,,,, l, 

1. 10. 100. 1000. 10000. 
Dimensionless Time, t/t” (min) 

DATA SET: 
DP-lLR.DAT 

07/l l/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 19-24. 1996 

test well: DRw-1 
obs. well: DP-1 

TEST DATA: 
Q = 30. gal/min 
r = 251.7 ft 

rc= 0.25 ft 
rw= 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 5063.5 ft2/day 
S' = 0.002778 

AQTESOLV 



Client: LANTDIV I Company: Baker Environmental, Inc. 

Location: Site 82 -- MCB Camp Lejeune mplGj ec t: 62470-222 

6GW-15D RECOVERY DATA 
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1. 10. 100. 1000. 10000, 
Dimensionless Time, t/t” (min) 

. 

DATA SET: 
ISD-LR.DAT 
02/26/96 

AQUIFER MODEL: 
Confined 

SOLUTION METHOD: 
Theis Recovery 

PROJECT DATA: 
test date: February 19-24. 199E 

test well: DRw-1 
obs. well: 6Gw-150 

TEST DATA: 
0 = 30. gal/min 
r = 379.2 ft 

rc= 0.25 f t  

rw= 0.5 ft 

b = 300. ft  

PARAMETER ESTIMATES: 
T = 2340.6 ft2/day 

S' = 11.67 

AQTESOLV 
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